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Although contact electrification (triboelectrification) (CE) has been documented since 2600 years ago,
its scientific understanding remains inconclusive, unclear, and un-unified. This paper reviews the
updated progress for studying the fundamental mechanism of CE using Kelvin probe force microscopy
for solid–solid cases. Our conclusion is that electron transfer is the dominant mechanism for CE
between solid–solid pairs. Electron transfer occurs only when the interatomic distance between the two
materials is shorter than the normal bonding length (typically �0.2 nm) in the region of repulsive
forces. A strong electron cloud overlap (or wave function overlap) between the two atoms/molecules in
the repulsive region leads to electron transition between the atoms/molecules, owing to the reduced
interatomic potential barrier. The role played by contact/friction force is to induce strong overlap
between the electron clouds (or wave function in physics, bonding in chemistry). The electrostatic
charges on the surfaces can be released from the surface by electron thermionic emission and/or
photon excitation, so these electrostatic charges may not remain on the surface if sample temperature
is higher than �300–400 �C.
The electron transfer model could be extended to liquid–solid, liquid–gas and even liquid–liquid

cases. As for the liquid–solid case, molecules in the liquid would have electron cloud overlap with the
atoms on the solid surface at the very first contact with a virginal solid surface, and electron transfer is
required in order to create the first layer of electrostatic charges on the solid surface. This step only
occurs for the very first contact of the liquid with the solid. Then, ion transfer is the second step and is
the dominant process thereafter, which is a redistribution of the ions in solution considering
electrostatic interactions with the charged solid surface. This is proposed as a two-step formation
process of the electric double layer (EDL) at the liquid–solid interface. Charge transfer in the liquid–gas
case is believed to be due to electron transfer once a gas molecule strikes the liquid surface to induce the
overlapping electron cloud under pressure. In general, electron transfer due to the overlapping electron
cloud under mechanical force/pressure is proposed as the dominant mechanism for initiating CE
between solids, liquids and gases. This study provides not only the first systematic understanding about
the physics of CE, but also demonstrates that the triboelectric nanogenerator (TENG) is an effective
method for studying the nature of CE between any materials.
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Phenomena of triboelectrification
Tribology is a highly complex process involving mechanical con-
tacting/sliding of two materials, one against the other, in which
many local physical and chemical processes occur, such as elas-
tic/plastic deformations, fracturing, and generation of heat, as
well as the presence of surface layers. Therefore, the study of tri-
bology is primarily based on experimental observations, and
there is no all-encompassing theory that can precisely predict tri-
bology. However, tribology is a vitally important area for modern
industries, transportation and construction despite being a chal-
lenge to quantitatively understand.

Triboelectrification (TE) is a united process of tribology and
interfacial charge transfer, which is one of the most fundamental
effects of electricity generation. The first well-recorded triboelec-
trification effect observed was lightning during thunderstorms
(Fig. 1a). Under the heavy wind, contact between air molecules
with water drops in air makes the water droplets negatively
charged. The repulsion among the water droplets keeps them
apart, but the fluctuation of local pressure and turbulence pro-
duced by the wind causes water droplets to recombine into larger
water droplets, which will eventually form precipitation. With
the decrease in surface area as a result of water droplet recombi-
nation, the surface charge density increases. Once the local elec-
tric field exceeds the air breakdown electric field, lightning will
be produced. Here, a key question may be asked – why are the
rain drops all negatively charged? A second well-known observa-
tion of TE appearing in textbooks is the rubbing of an animal’s
fur against a plastic rod (Fig. 1b). The stick will be negatively
charged while the fabric will be positively charged, but thus far
no one could explain why this occurs.

The scientific term for TE is contact electrification (CE),
which means the charges are produced due to physical contact,
and mechanical friction is not necessary although it can aid in
FIGURE 1

Schematic illustration regarding the formation of (a) thunderstorms and (b) bas
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delivering the charges. TE has been recorded since over
2600 years ago during ancient Greek civilization, and it exists
everywhere, anywhere, and at any time, and despite this, this
universal phenomenon that occurs for all known matter in
solid, liquid, and even gas states is poorly understood. Nature
published an article on triboelectric charging nearly a century
ago, noting “This class of research is simple-seeming. But those
who have spent time on the subject will allow that it is very
baffling; those who have not done so will at least remember
that despite great efforts by physicists the subject has not yet
passed the pioneer stage” [1]. Now, 100 years later, this state-
ment is still valid. Although TE is the most basic effect of elec-
tricity, studying the mechanisms of TE is rather cumbersome,
possibly for the following reasons. First, TE is a very complex
process that not only involves the basic processes occurring in
tribology, but also interfacial charge exchange/tunneling. Sec-
ondly, the TE effect holds for all matter in solid, liquid, and
gas states, so it is rather challenging to propose a unified phys-
ical model that covers such a broad range of materials. Thirdly,
the lack of tools for probing nano-scale TE had been a major
limitation for the field until the invention of Kelvin probe force
microscopy (KPFM) based on the principle of atomic force
microscopy (AFM) [2]. Even since then, there are only a few
studies available in the literature using such a tool for this pur-
pose. Lastly, TE is always regarded as a negative effect due to
the fact that it can create electric fires and discharge, disrupted
flow [3,4] and blending [5] in pharmaceutical processing, and
leads to increased friction [6] and energy losses [7]. On the
other hand, despite TE being the basis of the first technique
used by ancient humans for creating fire for heating and cook-
ing purposes through friction, there are few uses for TE in
today’s technology-based society aside from xerography, so
why should funding and time be used to study this effect?
ic triboelectrification examples that appear in physical science textbooks.
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However, the situation has changed dramatically recently
owing to the invention of triboelectric nanogenerators (TENGs)
by Wang’s group in 2012 [8,9]. The TENG is a fundamental tech-
nology for converting irregular, low-frequency, and distributed
mechanical energy into electric power using a conjunction of tri-
boelectrification and electrostatic induction. The area power den-
sity of TENGs has reached 500 W/m2, the volume density has
reached 490 kW/m3, and a conversion efficiency of �50% has
been demonstrated [10]. The TENG can be applied to harvest
all kinds of mechanical energy that is ubiquitously available
but wasted in our daily lives, such as human motion, walking,
vibration, mechanical triggering, rotating tires, wind, flowing
water and more, and thus has important applications in the
internet of things and network of distributed energy [11]. Alter-
natively, the TENG can also be used as a self-powered sensor
for actively detecting the static and dynamic processes arising
from mechanical agitation using the voltage and current output
signals of the TENG, respectively, with potential applications in
robotics, soft/flexible electronics, and artificial intelligence. Net-
works of TENG units can be used for harvesting ocean water
wave energy and general wind energy, with the possibility of
contributing to worldwide energy production at large. TENGs
use conventional materials that are low-cost, easy to fabricate,
widely adaptable, and industrially scalable. Therefore, with the
invention and future applications of TENGs, we have compelling
reasons to study the fundamental science of TE, aimed at estab-
lishing the scientific basis of this new energy technology and lar-
gely improving its performance.

It has been proposed that TE is due to electron transfer [12],
ion transfer [13–15] and/or even material’s species transfer [16].
It was also suggested that H+ and OH� ions from adsorbed water
may transfer charges between surfaces [17]. Owing to the vast
selection of materials that exhibit TE effects, there is hardly
any convergence in scientific understanding of the nature of
TE. The divergence in the field is similar to blind men touching
an elephant, with each man’s conclusion depending on which
part of the elephant they touched. In this report, we systemati-
cally review the study of TE using KPFM and provide a uniform
picture for understanding TE in systems of metal–dielectric and
dielectric–dielectric cases. Our conclusion is that electron trans-
fer is the dominant mechanism for TE among solids, liquids,
and gases. Electron transfer occurs only when the interatomic
separation between the two materials is forced to a shorter dis-
tance than the normal bonding length, which is the result of rub-
bing one material against another by applying an external force.
A strong electron cloud overlap between the two atoms in the
repulsive region leads to electron transition owing to the reduced
interatomic potential barrier. The electrostatic charges on sur-
faces are released from the surface by thermal ionic emission
and/or photon excitation. Some perspectives and predictions
are given regarding new physics and analytical tools as a result
of TE. This study not only provides the first systematic under-
standing of the physics of TE, which will be crucial for develop-
ing TENG-based energy and sensor technologies, but also
demonstrates that the TENG is an effective tool for studying
the nature of TE between any materials.

Through this and other reviews we have published, we intend
to answer the following fundamental questions: (1) how are the
Please cite this article in press as: Z.L. Wang, A.C. Wang, Materials Today, (2019), https://d
electrostatic charges being created (the physics of CE); (2) how
the electrostatic charges drive electrons to flow (the Maxwell’s
displacement current for TENG); (3) how the surface charge den-
sity being quantified; and (4) how do the current to be used for
technologies (TENG).
Contact electrification in metal–dielectric cases
Rubbing a metal on a hard rock surface results in sparks and dis-
charge, which is the result of triboelectrification in a metal–
dielectric (M-D) case. By dielectric here and after, we means an
insulator. Such a phenomenon has been known for centuries,
but its nano-scale study using Kelvin probe microscopy (KPFM)
was available only recently in the last few years. Shown in
Fig. 2a is a case of scanning a Pt AFM tip on a SiO2 surface in tap-
ping mode. By repeatedly scanning over an area of about 5 lm in
dimension, electrostatic charges are being delivered to the SiO2

surface. The surface charge density reaches saturation after scan-
ning about 8 times over (Fig. 2b) [18]. The line profile of the
scanned region as provided by KPFM shows the potential distri-
bution across the area, indicating that the surface has negative
electrostatic charges (Fig. 2c).

The amount of charges delivered on the surface depends on
the duration of tip contact [19]. In the tapping mode where
the tip contacts the surface point by point, using a slow scan
speed is more effective at delivering charges on surfaces
(Fig. 3a). In the sliding mode where the tip continually contacts
the surface, the charges are delivered effectively even at faster
sliding speeds (Fig. 3b). This study indicates that sliding on and
rubbing a surface with the tip is more effective in charging the
surface in comparison to disjointed contact in the tapping mode
(Fig. 3c and d). However, the surface charge density saturation
limit remains the same value, regardless of whether the charges
are delivered in tapping mode or contact mode, as long as the
time spent in contact is long enough to reach that point
(Fig. 3f). This is reasonable since the maximum limit to charge
density that a surface can hold depends on the breakdown
threshold of the surface in air.

The sign of the charges to be delivered on a dielectric surface
can be manipulated by applying a bias voltage on the metal tip
(Fig. 4a, b) [20]. By tuning the applied bias on the metal tip from
�5 V to +5 V, the charges delivered to the surface changed from
negative to positive, and there was no charge exchange observed
when the applied bias was 3 to 4 V. The mechanism of CE in M-D
cases can be well explained using an energy band diagram, in
which the metal is characterized by its Fermi level, below which
all of the states are occupied and above which, all of the states are
empty (assuming the temperature is 0 K). The dielectric surface
can be characterized using its conduction band (CB) and valence
band (VB), but we must assume the presence of surface/defects
states in the band gap due to the breaking of symmetry at the sur-
face (Fig. 4c-i) [21]. If the edge of the valence band of the dielec-
tric is below the Fermi level (Ef) of the metal, some of the surface
states in the bandgap Eg with energy below Ef could be filled up
by the electrons transferred from the metal into the dielectric,
resulting in overall negative charges on the dielectric surface
(Fig. 4c-ii) [22,23]. If a negative bias is applied on the metal tip
(Fig. 4c-iii), the surface states on the dielectric side tend to be
3
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FIGURE 3

Comparison of electrostatic charge transfer dynamics between tapping mode and contact mode scans of an AFM tip. Surface potential mapping of parylene
sample after the AFM probe scanned the central area at different scan speeds in (a) the tapping mode and (b) the contact mode. (c) and (d) Corresponding
plots of surface potential change as functions of line scan time. (e) Comparison of the charge transfer density triggered by tapping mode and contact mode
as a function of the tip–sample interaction time (with permission from Springer) [15].

FIGURE 2

(a) Schematic of experimental setup of the AFM tip and the SKPM to map surface potential distribution. (b) Triboelectric charge accumulation on the SiO2

surface with the increased counts of rubbing repetitions at the same area. Series of surface potential images taken in the same area from intact status to the
one after the 8th rubbing cycle and (c) their corresponding potential profiles (With permission from ACS) [14].
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FIGURE 4

(a) Schematic of experimental setup of the AFM tip and the SKPM to map the surface potential distribution. (b) Surface potential distributions of the parylene
film including the areas that were rubbed by the Pt-coated AFM tip at different bias from �2 to 5 V. (c) Schematic energy band diagrams for the metal and
dielectric materials in the situations of precontact (i), in contact with no bias (ii), and in equilibrium with negative (iii) and positive (iv) bias (with permission
from ACS) [18].
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shifted to even lower energy levels in reference to the Fermi level
of the metal, resulting in more electrons transferred from metal
to dielectric. If a positive bias is applied (Fig. 4c-iv), the surface
states in the dielectric side would be moved up to higher energy
levels depending on the magnitude of the bias, and the electrons
that occupy the surface states could be transferred to the metal,
resulting in positive charges on the dielectric side. One can
manipulate the magnitude of the applied bias in order to control
the amount of charges to be transferred between a metal and
dielectric. Studying of CE in metal–dielectric case has been
around for a long time and it has been proposed that electron
transfer is the dominant mechanism, and Kelvin probe force
microscopy has provided nano-scale charge transfer information
for these cases [24–27]. A recent AFM study also supports that CE
in M-D cases is an electron transfer process [28]. The above dis-
cussion is valid if the electronic structure of the dielectric can
be described by a band structure as we have presented, otherwise
other models have to be adopted (see Section “Interatomic inter-
action model for general contact electrification cases”).
Contact electrification in dielectric–dielectric cases
CE is a universal phenomenon that occurs for all materials,
which is the challenge behind developing a unified picture to
explain CE across the diverse spectrum of materials. For semicon-
Please cite this article in press as: Z.L. Wang, A.C. Wang, Materials Today, (2019), https://d
ductors and dielectric materials whose electronic structures can
be represented by energy bands, CE between two materials can
be easily presented as in Fig. 5using the surface state model
[29–32]. Considering the presence of surface and possibly point
defects, surface or defect states exist in the bandgap. The pres-
ence of defects (surface defect structures) could result in the occu-
pation of surface states by electrons. Owing to the different
valance band and conduction band structures of each material,
the occupied surface states in material A could have higher
energy than that of the unoccupied surface states of material B
(Fig. 5a). Once the two materials physically contact, some of
the electrons could transfer from material A’s surface to the sur-
face of material B, leading to CE. Such electrons will not transfer
back to material A even after the two materials are separated,
resulting in net positive electrostatic charges on material A and
negative electrostatic charges on material B (Fig. 5b). Such
charges are surface-state-bound charges and cannot freely flow
in general cases if the conductivity of the materials is rather
low (e.g., insulators). Theoretically, these charges are expected
to remain on surfaces perpetually if undisturbed. However, in
the presence of thermal energy fluctuations and raised tempera-
tures, these bound electrons can be released from surface states
according to the thermionic emission model, which will be
described in detail in Section “Effect of surface curvature on con-
tact electrification of identical materials”.
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FIGURE 5

Charge transfer (a) before contact, (b) in contact, and (c) after contact between two different insulator dielectrics for a case that En of the former is higher than
that of the latter and the band structure model holds (with permission from Wiley) [17].
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Interatomic interaction model for general contact
electrification cases
The discussions in Sections “Contact electrification in metal–
dielectric cases” and “Contact electrification in dielectric–dielec-
tric cases” are valid if the electronic structure of the dielectric can
be represented by a band diagram with the presence of surface
and defect states. As for general materials, such as polymers
and rubbers, their electronic structures can be represented by
molecular orbitals and chain alignment. An early review of obser-
vations can be found in [33]. On the other hand, for materials
that may not have a well characterized molecular structure or
in the presence of composite phases, as in natural materials, such
as wool, wood, animal fur, and human hair, there is no simple
electronic structure model that can represent these materials.
We do know that all of these existing materials exhibit CE, and
therefore a general model is needed for explaining CE on atomic
and molecular levels [16].

We first start from experimental observations. The first ques-
tion is: how close must the two atoms be before CE occurs? This
question was answered by our study using KPFM [34]. Fig. 6 pre-
sents the surface potential difference (DV) between the center of
the scanned area and the edge after a KPFM scan (Fig. 6a, c, e).
Using amplitude-modulated (AM) AFM, the probe cantilever
was excited near its resonance frequency (f0), with a free vibra-
tion amplitude (A0) set before the tip approaches the surface of
the sample and a set-point scanning amplitude (Asp) set as a feed-
back parameter to measure the topography of the sample surface
after engagement. The interaction of the tip with the surface will
extend or delay its vibration phase shift (Du) if there is an attrac-
tive or repulsive interaction between the two, respectively. By
comparing the DV–Asp and Du–Asp curves of different A0 (100,
70, and 50 nm), we explored the relationship between CE and
the change of phase shift in the tapping mode. For the experi-
ments of A0 = 100 nm and A0 = 70 nm, there are dramatic
increases in DV from 0 (which means that contact electrification
has had a significant influence on the surface potential) with Asp

being smaller than certain values (�95 nm for the experiment of
A0 = 100 and 62.5 nm for the experiment of A0 = 70 nm), and
6

Please cite this article in press as: Z.L. Wang, A.C. Wang, Materials Today, (2019), https://d
these values correspond to the sign switch point of the Du in
the Du–Asp curves. In the case of A0 = 50 nm, no CE was
observed. Also, there is no decrease in the phase shift under such
circumstances. When the tip has a net attractive force, it is in the
attractive regime, and there is an increase in the phase shift
(Du > 0). In contrast, if it has net repulsive force, it will be in
the repulsive force regime, and there will be a decrease from
the original phase shift (Du < 0). Therefore, the sign of Du could
be regarded as the symbol of the net tip–sample interaction force
for each vibration cycle.

Accordingly, if the tip is in the attractive regime (A0 = 50 nm),
there is no electron transfer between the tip and sample. By
increasing the free amplitudes (A0 = 70 and 100 nm), the probe
cantilever can vibrate with more energy. In this way, it could
overcome the repulsive force and enter into the repulsive region.
In this case, the tip is much closer to the surface of the sample in
its lowest possible position (as shown in Fig. 6d, e). Since this tip–
sample distance could result in tunneling, CE is observed in scan-
ning experiments with A0 = 100 and 70 nm (Fig. 6g). Moreover,
since the Asp for the transition between the attractive regime
and the repulsive force regime is exactly the same value for the
drastic increase in DV from 0 (�95 nm for the experiment of
A0 = 100 and 62.5 nm for A0 = 70 nm), the distance between the
tip and the sample for electron transfer to occur should be smaller than
the interatomic distance at equilibrium, where the long range attrac-
tive force equals to the short-range repulsive force.

The repulsive and attraction interactions between atoms can
be easily understood from the interatomic interaction potential.
Fig. 7a shows the general representation of interatomic interac-
tions. For two atoms that form a bond, which means some sort
of overlap in electron clouds or wave function, an equilibrium
distance a is established, which is called the bond length or inter-
atomic distance. If the interatomic distance x is shorter than a,
the two atoms tend to repel each other owing to the increased
overlap of electron clouds (Fig. 7b). One of the key factors in
CE is an external force that has to be applied in order for the
two surfaces to be contacted. The role played by such an exter-
nally applied force is to create local high pressure at certain
oi.org/10.1016/j.mattod.2019.05.016
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FIGURE 6

Exploring the relationship between contact electrification and the phase shift of the AFM cantilever in order to probe the force zone within which charge
transfer occurs. (a–f) Surface potential difference DV–Asp and Du–Asp curves under the conditions of A0 = 100, 70, and 50 nm. (g) Schematic of the tip-sample
interaction force of tapping scans with different scanning parameters (A0 and Asp), as defined in (g). Whether the tip is in the attractive regime or repulsive
regime above the surface of the sample can be deduced from the change of the phase shift (Du) during the tapping vibration (with permission from ACS)
[18].

FIGURE 7

Interatomic interaction potential between two atoms and the force between the two when they are (a) at equilibrium position, (b) with strong electron cloud/
wave-function overlap in the repulsive region, and (c) with little electron cloud/wave-function overlap in the attractive region.
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contacting points even at atomic and nano-scales, where the
interatomic distance x is forced to be shorter than a between
the local contacting points, resulting in local repulsive force. If
the interatomic distance x is larger than a, the two atoms tend
to attract each other due to the reduced overlap of electron
clouds, nearly breaking their bond (Fig. 7c).

The experimental results in Fig. 6 indicate that the distance
between the AFM tip and the silica surface has to be shorter
than the bonding length in order for the two to experience
CE. In the repulsive region, the increased overlap in local elec-
tron clouds results in electron transition from one material to
the other. Therefore, we can propose an atomic-scale charge
transfer mechanism for CE [16,35]. Fig. 8a shows a case in
which, prior to the atomic-scale contact of the two materials,
their respective electron clouds remain separated without over-
lap. This is the attractive force region as presented in Fig. 8. The
potential well binds the electrons tightly in specific orbitals and
stops them from freely escaping, which is the case for non-
conducting materials. When the two atoms belonging to two
materials, respectively, get close to and contact with each other,
FIGURE 8

An electron-cloud-potential-well model proposed for explaining CE and charge t
energy band structure, for general material cases. Schematic of the electron clo
materials A and B, respectively, when they are: (a) before contact, (b) in contact,
after being forced to have electron cloud overlap. (d) Charge release from the a
distance between two nuclei; EA and EB, occupied energy levels of electrons; E1 a
of (b) to show that the increased electron cloud overlap results in a lower potenti
and possible photon emission (with permission from Wiley) [17].
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the electron clouds overlap between the two atoms to form an
ionic or covalent bond. The bonding lengths are shortened
even more if an external compression force is applied. In this
case, the initial single potential wells become an asymmetric
double-well potential, and the energy barrier between the two
is lowered as a result of strong electron cloud overlap
(Fig. 8b). Then electrons can then transfer from one atom to
the other, resulting in CE. The role played by mechanical con-
tact of the two materials is to shorten the distance between the
atoms and cause a strong overlap of their electron clouds in the
repulsive region, at least in the area at which the atomic-scale
contact occurs, despite the samples being larger. It is important
to note that only a very small fraction of area of the two sur-
faces will reach atomic scale contact. This also explains why
more charges are transferred if one material rubs against the
other harder/tighter owing to the strong compression force
applied in sliding process, which can even cause local fractures
and plastic deformation. After being separated (Fig. 8c), the
transferred electrons remain as static charges on the material’s
surface.
ransfer and release between two materials that may not have well-specified
ud and potential energy profile (3D and 2D) of two atoms belonging to two
and (c) after contact, showing electron transfer from one atom to the other
tom at an elevated temperature T once kT approaches the barrier height. d,
nd E2, potential energies for electrons to escape. (b1–b3) Detailed illustration
al barrier between the two atoms, resulting in interatomic electron transition
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The model proposed in Fig. 8 is also supported by quantum
mechanical calculations, which state that the driving force for
electrons to transfer is due to the delocalization of electron wave
functions due to contact and strain [16,36–39], which is what we
refer to as the state of strong overlap of electron clouds under
stress. It is in this range that electron transfer is possible. The
transition probability of an electron from one atom to the other
as a function of the interatomic distance has been calculated
[40], and the results support our discussion presented in Fig. 8.
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Photon emission in contact electrification
Based on our model presented in Fig. 8, several photon emission
processes are proposed [18]. According to Fig. 8b1–b3, energy
released by electron transfer from dielectric A to dielectric B
can be in the form of photon emission, plasmon excitation,
and/or phonon excitation. Photon emission, if possible, can be
used for studying the transition from the surface states of dielec-
tric A to the surface states of dielectric B. The emitted photon
should have energy in tens of eV, possibly resulting in UV, visible
light, microwave, and even THz wave emission when two mate-
rials contact. The above proposed processes, if potentially observ-
able as light emission, could give birth to a new optical
spectroscopy for studying electronic transitions at interfaces.
These results remain to be verified experimentally.

The energy of CE-produced electrons is not expected to
exceed tens to hundreds of eV. By bombarding a metal plate
using electrons emitted during peeling a piece of tape in vacuum,
continuous X-rays with energies centered around 15 keV have
been observed [41]. Considering the high electric field generated
by CE charges, in the order of 105–106 V/m according to an AFM
study [17], it is possible to generate a high voltage. Freely released
electrons accelerated by such high voltages could result in strong
X-ray radiation [42]. More study is needed in order to understand
the observed phenomenon.
Effect of surface curvature on contact electrification of
identical materials
It is generally known that physical contact of two dissimilar
materials produces electrostatic charges, but experiments have
shown that contact between two identical insulators also pro-
duces static charges [43–47]. In particulate materials, such as
sand, smaller particles tend to be negatively charged and larger
particles of the same material tend to be positively charged
[48–50]. Such observations cannot be explained using either of
the models we have proposed for dissimilar materials.

In order to understand the underlying mechanism in such
cases, we have carried out detailed studies of the CE of two pieces
of chemically identical materials that possess different curva-
tures, such as PTFE, Kapton, FEP, polyester, and nylon [51]. Poly-
mers are chosen because we can change their curvature easily. By
rationally designing materials with different surface curvatures,
our results indicate that CE of two pieces of chemically identical
materials results in concave surfaces being positively charged and
convex surfaces being negatively charged (Fig. 9a–c). Our inter-
pretation is that, owing to the fact that surfaces with different
curvatures would have different surface energies possibly due
to the stretched or compressed surface molecules, the energies
Please cite this article in press as: Z.L. Wang, A.C. Wang, Materials Today, (2019), https://d
for specific surface states of the materials would be shifted con-
sidering the effects from surface energy (Fig. 9d). As a result, an
electron can transfer from one material surface to another chem-
ically identical surface with shifted surface states, once they
physically contact (Fig. 9e). Furthermore, this means that the
presence of a curved surface “breaks” the symmetry of the two
sides, thus shifting the energy levels of surface states, resulting
in electron transition, albeit with a smaller probability than dis-
similar materials. The correlation of altered surface curvature
with changes in surface energy is also supported by a theoretical
study [52]. With considering a variation on surface morphology
at the nano level and a rise of local temperature during probe
scanning, mosaic surface charge distribution has been observed
on surfaces [53].
Effect of temperature on contact electrification
In all of the existing literatures on triboelectrification, few studies
are available about the temperature dependence of CE, as almost
all of the measurements were made at room temperature. This
lack of temperature dependence studies is potentially the basis
of the confusion over whether charge transfer is due to electrons,
ions or even materials species. We have recently studied the tem-
perature dependence of CE, and our main conclusion is that elec-
tron transfer is the dominant, if not exclusive, mechanism for
CE.

Transfer of charges across an interface
The temperature dependence of CE has been directly proved by
scanning an Au tip on a SiO2 surface (Fig. 10a) [54]. It is possible
that the electrons would be thermally excited and transferred
from the hotter material side to the cooler side. Hence, the
charge transfer between the tip and the sample may be manipu-
lated by setting the tip and sample to different temperatures. To
verify this, the sample temperature was controlled at 373 K,
while the SiO2 sample temperature was varied from 313 K to
403 K. As shown in Fig. 10b, the transferred charge density
increased linearly with rising tip temperature. When the tip tem-
perature increased, the electrons in the tip were excited and more
prone to hopping from the tip to the SiO2 sample, and the sam-
ple became more negatively charged after contact.

The observed result can be explained using an energy band
diagram, as shown in Fig. 10c [31]. Since the experiment was
done at a temperature higher than 0 K, the distribution of elec-
trons in the metal at different energies follows the Fermi–Dirac
function:

f Eð Þ ¼ 1

e ðE�Ef Þ=kTð Þ þ 1
ð1Þ

where f Eð Þ denotes the probability of an electron in the energy level E,
Ef denotes the Fermi level of the metal. Above the Fermi level, there is
a tail filled with electrons.

In the first case, we assume that the Fermi level (Ef ) of the
metal is higher than the highest occupied surface state level
(E0) of the dielectric, and the metal tip temperature (Tm) is lower
than the dielectric temperature (Td) (Tm < Td) (Fig. 10c-i), hence
the energy increase in electrons in the metal (�kTm) will be lower
than the increase in electron energy in the dielectric (�kTd). In
this case, the electrons transfer from the metal to the dielectric
9
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FIGURE 9

Mechanism of CE between identical polymer materials of different surface curvatures. (a–c) Charge transfer before contact, in contact, and after contact
between identical material surfaces A and B with different surface curvatures, and (d–f) corresponding explanation of the surface charge transfer by the
surface states model. LUMO, lowest unoccupied molecular orbital; En, neutral level of surface states; HOMO, highest occupied molecular orbital (with
permission from ACS) [30].
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in CE, as shown in Fig. 10c-ii. If the dielectric temperature is
decreased while the metal temperature remains unchanged
(Tm ¼ Td), as shown in Fig. 10c-iii, the energy increase in elec-
trons in the metal (�kTm) will be equal to the increase in electron
energy in the dielectric (�kTd). This leads to more electrons hop-
ping from the metal to the dielectric than in the situation when
Tm < Td, as shown in Fig. 10c-iv. If the metal temperature is
increased while the dielectric temperature remains unchanged
(Tm > Td), as shown in Fig. 11c-v, the increase in electron energy
in the metal (�kTm) will be higher than the increase in electron
energy in the dielectric (�kTd). This leads to more electrons hop-
ping from the metal to the dielectric, as shown in Fig. 10c-vi.
Since the dielectric temperature remains unchanged, the amount
of electron tunneling back to the metal during surface separation
remains nearly unchanged. Therefore, the triboelectric charges
on the dielectric surface increase in this case.

The trend of CE is very muchmaterial dependent. By scanning
an Au tip on aluminum nitride (AlN), the transferred charge den-
sity on the AlN surface was almost zero when the tip temperature
was equal to the sample temperature (Fig. 11a). However, the AlN
gainedmorenegative charges from scanningwhen the tip temper-
ature was higher than the sample temperature. The CE on Si3N4

experienced a sign reversal with an increase in tip temperature
(Fig. 11b). The results show that, no matter if the transferred
charges are positive or negative, more electrons are injected into
the sample when the tip temperature is increased than when the
10
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tip temperature equals the sample temperature. This is consistent
with the thermionic electron emission model, in which the elec-
trons in the tip are excited when the tip temperature increases
and aremore likely to transfer to the sample,making the triboelec-
tric charges on the sample surface more negative.

In the second case, the Fermi level of the metal is lower than
the highest occupied surface state level of the dielectric, and
Tm ¼ Td, as shown in Fig. 11c-i. The electrons will transfer from
the dielectric to the metal, and the dielectric will be positively
charged, as shown in Fig. 11c-ii. When the metal temperature
is increased, and the dielectric temperature remains unchanged
(Tm > Td), as shown in Fig. 11c-iii, the energy increase in elec-
trons in the metal will be higher than the increase in electron
energy in the dielectric. The gap between the effective Fermi level
of the metal and the highest occupied surface state level of the
dielectric becomes smaller, which leads to less electron hopping
from the dielectric to the metal, and the dielectric receives fewer
positive charges in CE, as shown in Fig. 11c-iv. In particular, if
the metal temperature continues to increase and the dielectric
temperature remains unchanged (Tm � Td), the effective Fermi
level of the metal will be higher than the highest occupied sur-
face state level of the dielectric, as shown in Fig. 11c-v. In this
case, the electrons will transfer from the metal to the dielectric,
and the polarity of the transferred charges in the CE will be
reversed (Fig. 11c-vi), as observed in the CE between the Au-
coated tip and Si3N4.
oi.org/10.1016/j.mattod.2019.05.016
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FIGURE 10

Proving the effect of temperature differences on CE between the Au-coated tip and the SiO2 sample by KPFM at nano-scale. (a, b) The sample temperature
was set at 373 K, while the tip temperature varied from 313 K to 433 K. (c) The band structure model of the temperature difference induced charge transfer
(Ef > E0). The band structure of the metal and surface states of the dielectric, when (i) the metal temperature is lower than the dielectric temperature, (iii)
the metal temperature equals to the dielectric temperature, and (vi) the metal temperature is higher than the dielectric temperature. The illustration of
contact charge transfer between the metal and the dielectric, when (ii) the metal temperature is lower than the dielectric temperature, (iv) the metal
temperature equals to the dielectric temperature, and (v) the metal temperature is higher than the dielectric temperature (With permission from Wiley) [32].
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Release of surface electrostatic charges
The TENG operates by coupling triboelectrification with electro-
static induction. The triboelectric field produces a driving force
that makes electrons in the top and bottom metal electrodes
flow due to the electrostatic induction effect. The measured
total charges QSC flowing under the short circuit condition is
a direct measure of the surface charge density, providing a
new methodology for proving triboelectrification. Our TENG
study has unearthed a surprising result: triboelectrification dis-
appears at high temperature [16,18]. A TENG was constructed
from thermally stable materials, such as Ti and SiO2, as shown
in Fig. 12a, so that the operating temperature could be uni-
formly increased. Fig. 12b shows the change of total output
charges QSC of the TENG at temperatures of 353 K, 533 K and
583 K, demonstrating that the charge density decreased more
Please cite this article in press as: Z.L. Wang, A.C. Wang, Materials Today, (2019), https://d
rapidly at higher temperatures. When the temperature reached
583 K, the charges quickly disappeared and the total QSC was
less than 1 nC, similar to the disappearance of magnetism
above the Curie temperature. Fig. 12c shows the residual
charges on the TENG after 5 min of measurement at different
temperatures, and the inset is the diagram of the Ti-SiO2 TENG.
The residual charges decreased more rapidly with the increase
in temperature, and it is interesting to note that they started
to decrease more rapidly once the temperature was higher than
533 K. Fig. 12d shows long-term charge decay under high tem-
peratures, which indicates that increased temperatures lead to
charge decay.

By quantitatively comparing the charge dissipation curve as a
function of temperature, we concluded that the release of
charges is best described by the thermionic electron emission
11
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FIGURE 11

Proving the effect of temperature difference on the CE between an Au-coated tip and AlN and Si3N4 sample by KPFM at nano-scale. The relationship between
transferred charge density on the (a) AlN, and (b) Si3N4 surfaces and the tip temperature when the sample temperature is maintained at 313 K. (c) The band-
structure model of the temperature-difference induced charge transfer (Ef < E0). (i, iii, v) The band structure of the metal and surface states of the dielectric,
when the metal temperature equals the dielectric temperature, the metal temperature is higher than the dielectric temperature, and the metal temperature
is much higher than the dielectric temperature, respectively. (ii, iv, vi) Illustrations of the contact charge transfer between the metal and the dielectric, when
the metal temperature equals the dielectric temperature, the metal temperature is higher than the dielectric temperature, and the metal temperature is
much higher than the dielectric temperature (With permission from Wiley) [32].
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model, and the measured QSC values may be fitted according to
the thermionic emission equation [55,56]:

J ¼ kA0T
2e

�W
kT e

DW
kT � 1

h i
ð2Þ

where J is the current density, k is the material-specific correction fac-
tor, A0 is Richardson’s constant of a free electron, T is temperature, W
is the height of the potential barrier, k is Boltzmann’s constant and
DW is the potential barrier height variation due to the surface electric
field E. When DW << kT, the emission current density is related to the
total transferred charges in a TENG by [16]

J � k1A0

k
Te

�W
kT QSC ð3Þ

or equivalently:

ln
J

A0T

� �
¼ �W

kT
þ ln

k1
k
QSC

� �
ð4Þ

Data simulation using Eq. (4) fits the experimental data well.
Therefore, the dissipation of the charges on the surface follows
the electron thermionic emission model.

Effect of photon excitation on contact electrification
Surface electrostatic charges can be released under photon excita-
tion [57]. This process has been investigated by illuminating an
insulator surface with light at a specific wavelength and inten-
12
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sity. A requirement is to maintain that there is no significant
change in surface temperature during the KPFM measurement,
so that temperature effects can be ruled out. As shown in
Fig. 13a, the triboelectric charges on the insulator surface were
generated using the peakforce tapping mode, in which the tip
contacts the insulator surface in a point by point “dancing”
mode. After the CE, the triboelectric charge density on the insu-
lator surface was measured using the KPFM mode. Furthermore,
the charged area on the insulator surface was irradiated by UV
light, and the triboelectric charge density remaining on the sur-
face was measured at regular time intervals to record the charge
decay.

In order to further verify the photoelectron emission of elec-
trons in CE, the effects of light wavelength and intensity on
the irradiation induced triboelectric charge decay were studied.
Fig. 13b shows the effect of the incident light wavelength on
the decay of triboelectric charges from the SiO2 surface [34].
The charge decay rate was fastest when the wavelength was
240 nm, and the decay rate decreased with the increase in wave-
length. In particular, the amount of the triboelectric charges
remained constant when the wavelength rose up to 300 nm.
The probability of the electrons, which were trapped in surface
states following CE, being excited out of the surface was the lar-
gest under the irradiation of the light with a wavelength of
oi.org/10.1016/j.mattod.2019.05.016
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FIGURE 12

Probing the temperature dependence of the surface charge density in CE by using the output of a TENG, as a new method for quantitative analysis of CE. The
TENG is made of a Ti and SiO2 pair with metal electrodes at the top and bottom surfaces, respectively. (a) Setup of the measurement platform. (b) The total
transferred changes QSC at room temperature and various high temperatures for three groups of experiments, respectively. (c) The percentage of residual
charges of the TENG at different temperatures. The residual charges are the QSC of the TENG after 5 min heat preservation at different temperatures. Inset is
the diagram of the working model of the TENG. (d) QSC evolution with time under high temperatures (with permission from Wiley) [17].
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240 nm. When the light wavelength was increased, the energy of
the photons and the probability of the electrons being excited
would decrease, potentially leading to the decrease in the charge
decay rate. When the light wavelength reached up to 300 nm,
the energy of the photons was not enough to excite the trapped
electrons, and the density of the triboelectric charge remained
constant. The threshold energy of the incident photons should
be higher than 4.13 eV to excite the electrons trapped in the sur-
face states of SiO2.

The UV light irradiation-induced triboelectric charge decay
on polymer surfaces, such as PVC and PMMA, was also investi-
gated [34]. Fig. 13c and 13d demonstrate the effects of light
wavelength and intensity on the charge decay from the PVC
surface. The triboelectric charge on the PVC surface could be
removed by photons with wavelengths shorter than 360 nm
(e.g., 3.44 eV). It means that the energy of photons required
to remove charges on the PVC surface is less than that for the
SiO2 surface. The charge decay on the PVC surface was also lin-
ear at the beginning, and the decay rate decreased when the
charge density decayed to less than a certain value. As shown
in Fig. 13d, the charge decay rate on the PVC surface also
increased with the rise of light intensity.

These studies show that there exists a threshold photon
energy above which surface electrostatic charges will be released.
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This has been explained by the photoelectron emission model.
For the electrons trapped by surface states, a threshold energy
is needed in order to excite an electron trapped in surface states
into a free electron.
Standards and quantification of surface charge
density
Triboelectrification is a well-known effect that occurs anywhere
and anytime in nature and in our daily lives, but its quantifica-
tion remains challenging. Although this effect has been known
for over 2600 years and each and every material exhibits tribo-
electrification, as a key material’s characteristic, its quantification
has not been standardized and quantified in material science.
The only available source commonly circulated in textbooks is
a triboelectric series that gives a very inaccurate qualitative rank-
ing of the triboelectric polarization of some common materials
without numerical data. Quantification of CE is challenging
due to the following aspects. First, since CE is a two-material
problem, the performance of one material depends on its respec-
tive partner. Which material can be the reference partner mate-
rial for all standardized measurements? Secondly, CE is a
surface property, which is strongly affected by the roughness of
the two surfaces, surface contamination, and atmospheric condi-
13
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FIGURE 13

Probing the effect of photon excitation on the CE between an Au-coated tip and SiO2 sample by KPFM at nano-scale. (a) Schematic illustration of the AFM and
UV light irradiation experiments. (b) The effects of light wavelength on the charge decay on SiO2 surface. The effects of (c) the light wavelength and (d) the
light intensity on the charge decay on the PVC surface. In all of the experiments, careful measurements were made to ensure there was no significant increase
in the sample temperature during the measurements (with permission from Wiley) [57].
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tions, as well as humidity. A standardized method must be estab-
lished to uniformly measure all of the materials, if possible.

We recently introduced a universal standard method to quan-
tify the triboelectric series for a wide range of polymers, establish-
ing a fundamental materials property of quantitative
triboelectrification [58]. To maximize the contact of a material
with the reference material, we chose liquid metal as the counter
contact, which is likely to have the maximum atomic-scale con-
tact, shape adaptability and softness. This method standardizes
the experimental setup for uniformly quantifying the surface tri-
boelectrification of general materials. The normalized triboelec-
tric charge density (TECD) was defined and derived to reveal
the intrinsic tendency of polymers to gain or lose electrons. A
table is given regarding the TECD of over 50 materials (Fig. 14).
This first quantitative triboelectric series will be a textbook stan-
dard for implementing the application of triboelectrification for
energy harvesting and self-powered sensing. The methodology
established will be extended to all conventional materials, such
as ceramics, semiconductors, and polymers.
Discussion and summary
Electron transfer versus ion transfer in contact electrification
It has been long debated over whether CE is due to electron
transfer, ion transfer, or even materials species transfer. First-
principles’ simulations [59] on surfaces of alumina and silica sup-
14
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port the role of adsorbed water in surface charging: OH� may be
a dominant charge-carrying ion, through both surface trans-
ports, adsorption and desorption. OH� ions are believed to accu-
mulate at interfaces [60]. Studying CE at various elevated
temperatures and photon excitations have clearly ruled out the
contribution made by ion transfer, especially in solid–solid cases
[17,37]. Firstly, the mechanism of releasing surface charges fol-
lows the electron thermionic emission model. Ion transfer satis-
fies the Boltzmann distribution [12], which indicates that more
triboelectric charges would be transferred at higher temperatures,
and this evidently disagrees with our experimental observations.
Secondly, water plays a very important role in the ion transfer
model [61], but fewer charges are transferred at higher moisture
levels and maximum charge transfer has been found to occur
at �0% relative humidity [62]. A recent study carried out tribo-
electric charging in oil, and showed that water is not necessary
for contact electrification to occur [63]. Thirdly, CE between Ti
and SiO2 was observed even at 623 K, at which there are hardly
any water-related ions remaining on solid surfaces [18]. Fourthly,
studies by Wang et al. indicated that CE at a vacuum of 10�6 Torr
was five times higher than that at one atmosphere pressure [64].
There are hardly any water molecules adsorbed on solid surfaces
at such a high vacuum in comparison to ambient cases. Lastly,
Liu et al. showed that a sustainable tunneling current had been
produced using an unbiased, triboelectrically charged metal–insu
lator–semiconductor (MIS) point contact system [65]. All of these
oi.org/10.1016/j.mattod.2019.05.016
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FIGURE 14

Quantified triboelectric series for over 50 different materials. The error bar indicates the range within a standard deviation (with permission from Nature) [58].
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phenomena indicate that water ions are not necessary for CE,
and the CE has to be an electron-dominated transition process.

Based on our studies, our conclusion is that CE is largely if not
exclusively due to electron transfer. Electron transfer occurs if the
interatomic distance is in the range of the repulsive force region,
within which the electron clouds have maximized overlap. Sur-
face discharge at elevated temperatures follows the electron ther-
mionic emission model. The sign of the transferred charges in CE
can be reversed by applying an electric field. Further studies
found that the work required to separate the charged surfaces
was comparable to the fracture energies of materials, which
revealed that the electrification was associated with the interac-
tions in electron clouds [66]. These studies indicate that the elec-
trification is strongly related to electron transfer during the
overlap of electron clouds, which further rule out the ion transfer
mechanism. Finally, any contact between surfaces typically
involves making and breaking of bonds, and CE is a consequence
of such a process. Therefore, understanding of CE at the atomic-
and nano-scale is fundamentally important for understanding
bond formation and breaking between atoms.

A typical surface charge density related to triboelectrification
can measure up to �10�3 C/m2 in ambient condition, which cor-
responds to �8 excess electrons per 10000 nm2 of surface area.
Thus, the probability of electron transfer is about one out of
30,000 surface atoms. Although this chance appears rather small,
this charge transfer is an important quantummechanical process
that occurs in our lives at any place and any time.

Contact electrification at liquid–solid interfaces and the
formation of EDL
CE occurs not only for solid–solid pairs but also at the interfaces
between solids, liquids and gases, such as a raindrop with air in
the liquid–gas case, sand particles with air in the solid–gas case,
and at the solid–solution interface. A well-known phenomenon
is the formation of an electrical double layer (EDL) at solid–liquid
interfaces, which appears on the surface of an object when it is
exposed to a liquid. The object might be a solid particle, a gas
bubble, or a liquid droplet. The EDL refers to two parallel layers
of charges surrounding the object. The first layer, the surface
charge (either positive or negative), consists of ions adsorbed
onto the object due to chemical interactions. The second layer
is composed of ions attracted to the surface charges via the Cou-
lomb force from the solution, electrically screening the first layer.
This second layer is made of free ions that move in the liquid
under the influence of electric attraction and thermal motion
rather than being firmly anchored. Although the existence of
EDL is a fact and its structure is clear, a fundamental question
we would seek to ask is, what is the cause of the first layer becom-
ing charged at the very beginning when it first contacts with a
liquid? It might be related to the electron dominated CE at a very
early stage of the object being exposed to a solution, as presented
below.

The formation of the EDL is proposed as a two-step process. In
the first step, when the molecules in the solution first approach a
virgin surface that has no pre-existing surface charges (Fig. 15a),
it may be possible that the atoms/molecules in the solution
directly interact with the atoms on the solid surface to form
strong overlap of electron clouds, as shown in Figs. 7 and 8. Elec-
16
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tron transfer occurs first to make the “neutral” atoms on solid
surface become charged, i.e., the formation of ions (Fig. 15b).
For easy illustration, we label eight molecules as A–H, so one
can easily follow the movements of the specific molecules at dif-
ferent stages. Under the pressure of the liquid flow or turbulence,
the liquid molecules that are adjacent to the solid surface are
thus forced/pushed off of the interface region by breaking the
formed “bonds”, leaving a layer of ions affixed to the solid sur-
face (Fig. 15c) with the severed molecules becoming freely
migrating ions in the liquid. It must be pointed out that the den-
sity of such surface charges should be comparable to the surface
charge density in CE (�one out of 30,000 surface atoms, very
sparsely distributed on the surface rather than the densely
packed layers as depicted in many textbooks). In the second step,
if there are ions existing in the liquid, such as H+ and OH�, the
loosely distributed negative ions in the solution would be
attracted to migrate toward the surface bonded ions due to elec-
trostatic interactions, forming an EDL. The f potential is intro-
duced to characterize the EDL. Our suggestion here is that the
origin of forming the EDL is likely the result of CE due to electron
transfer at the very first step. Once the EDL is formed, many dis-
cussions and models in the literatures regarding related potential
distribution and surface chemistry are appropriate.
Contact electrification at liquid–gas and liquid–liquid
interfaces
The model presented in Figs. 7 and 8 can also be applied to
explain the CE between gas and a liquid. A well-known case is
the friction between air molecules with water droplets to make
charged raindrops. The water droplet is negatively charged due
to the electron transfer from air molecules to the water droplet
when the molecules strike the liquid surface. The charged mole-
cules in a water droplet are loosely bound and free to move, and
the charged air molecules tend to fly off the surface due to blow-
ing of air and bombardment by other molecules. Thus, the total
raindrop is negatively charged once it precipitates and falls
through air.

By the same token, CE between liquid–liquid pairs should also
exist. By compressing the molecules of one type of liquid against
the surface of another liquid, the interface between the two is
expected to be charged if they are immiscible, as a result of elec-
tron transfer. However, studies of this line of research are few.
Contact electrification at the interface of p- and n-type
semiconductors
CE as for conventional materials can also occur for p- and n-
semiconductors. Since the width of the depletion region at a
pn junction is typically around a few nm, but CE occurs only
at the top one to two atomic layers. The surface states at the n-
side are filled with electrons, and the surface states are occupied
by holes. At the very interface, in reference to Fig. 5 for insula-
tors, a transition of electrons from the surface states of n-side
to the hole states at p-side is likely to occur, resulting in p side
to be negatively charged due to CE, and n-side positively
charged. The energy released by such a transition could excite
electron-hole pairs at the pn interface, possibly resulting in an
observable current flowing from p-side to the n-side in the
oi.org/10.1016/j.mattod.2019.05.016
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FIGURE 15

A proposed two-step model on the procedures for forming an electric double layer at a liquid–solid interface. The first step: formation of the very first layer of
electrostatic charges on the solid surface. (a) Schematic representation of molecules in solution; (b) the adsorption of molecules on the surface and electron
transfer, resulting in the surface being charged; and (c) the adsorbed molecules being pushed off the adsorbed locations due to the pressure of the liquid.
The second step: segregation of ions in the liquid: (d) the presence of the charged surface as a result of the first step and (e) adsorption of ions in liquid on
charged solid surface, forming the EDL.
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external circuit, similar to photovoltaic effect. This may be sim-
ply referred to as the tribovoltaic effect.

By contacting a piece of p-type Si and an n-type Si wafer, an
non-symmetric AC current has been observed in the external cir-
cuit [67], with a large current observed when the two pieces are
separated apart and a smaller current is received when the two
pieces are contacted with each other. This observed AC signal
was interpreted as a result of difference in chemical potential as
a result of redistribution of electric carriers. Here, we suggest that
the current flowing from n-side to p-side when the n and p semi-
conductors are separated apart is likely due to carrier redistribu-
tion as suggested by Zhang et al., and the current flowing from
p-side to n-side when the n and p semiconductors are contacted
is possibly due to the tribovoltaic effect as discussed above,
because CE is unavoidable when two materials are contacted.
There are only limited studies available on the CE at a pn
junction.

Alternatively, by sliding a n-semiconductor on top of a p-
semiconductor without changing the current area (so called
dynamic pn junction), the DC current observed by Lin et al.
[68] is likely due to the tribovoltaic effect proposed above. Exten-
sively studies are being carried out to verify the detailed mecha-
nism of CE for semiconductor systems.

Advances in fundamental sciences and perspectives
We believe that we have answered the following fundamental
questions related to electricity:

(1) How are the electrostatic charges being created?
This question is answered by the contents reviewed in this
paper about CE, which should provide a fundamental
Please cite this article in press as: Z.L. Wang, A.C. Wang, Materials Today, (2019), https://d
understanding about how the electrostatic charges are cre-
ated. We hope that an open question for over 2600 years
has been answered.

(2) How do the electrostatic charges drive electrons to flow?
One way of outputting power using electrostatic charges is
the TENG, which is governed by the Maxwell displacement
current covered elsewhere [69,70]. The displacement cur-
rent is created by coupling CE and electrostatic induction,
so that electrons in metal electrodes are driven to flow
under the mechanical triggering. This is the process of
how the electric power is generated due to electrostatic
interaction.

(3) How is the surface charge density quantified and cali-
brated?
This is answered in Section “Standards and quantification
of surface charge density”.

(4) How is the current used for technologies?
This is the basic technological application of TENG in
fields like health care, environmental science, wearable
electronics, internet of things, robotics, and artificial intel-
ligence. Comprehensive review on TENG can be found
elsewhere [9–11].

In summary, although CE has been known for 2600 years,
longer than any recorded effect in science, its understanding
remains premature. This paper reviews the updated progress in
studying the fundamental mechanism of CE. Our main conclu-
sion is that electron transfer is the dominant, if not exclusive,
mechanism for CE. Ion transfer is a result of electron transfer
at the very beginning, such as in the formation of the EDL at
solid–liquid interfaces. Electron transfer due to overlapped
17
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electron clouds under mechanical force is proposed as the dom-
inant mechanism for CE between solids, liquids, and gases. The
motivation behind studying CE is also to build high-perfor-
mance TENGs, which has important applications as micro/
nano-power sources, self-powered sensors, and blue energy.
The energy and sensor technologies based on TENGs will signif-
icantly impact the development of the internet of things, wear-
able/flexible/stretchable electronics for medical science,
robotics, and artificial intelligence.

Nie et al. [71] present a TENG that can work based on the
interaction between two pure liquids. A liquid–liquid TENG is
achieved by passing a liquid droplet through a freely suspended
liquid membrane. This is a good example for studying charge
transfer between liquid and liquid.

Xu et al. [72] have studied TENGs fabricated using Pt-Al2O3

TENG, Au-Al2O3 TENG, Ti-Al2O3 TENG, Al-Al2O3 TENG and
SiO2-Al2O3. The results show that the potential barrier of materi-
als can be regulated by changing the contacting metals or dielec-
trics. It is mainly due to the work function or contact potential
difference that have an influence on the propensity or direction
of electron transfer between materials. Regulation of the barrier
at high temperatures fully excludes the influence of ions from
moisture and functional groups, which further indicates the
dominant role played by electron transfer in CE.
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