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Triboelectrification: Backflow and Stuck
Charges Are Key
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ABSTRACT: To understand the most intrinsic mechanism of tribo-
electrification (TE), a straightforward framework of TE between metal
and single-crystal dielectrics is designed by utilizing both experiments and e € _\\
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first-principles calculations. Various theoretical models on charge transfer ey R
are examined with first-principles calculations. Interestingly, the measured

charge density shows a proportional relation with the interface barrier, ‘e-

which is in contrast with the previous theories. On the basis of the results, a e

backflow-stuck charge model is proposed where the charge density is Backflow e

determined by the amount of backflow and the remaining stuck charges at —

separation. We also validated this model by comparing the theoretically | <l Stuck
predicted barrier and the extracted barrier from the temperature-dependent Charge
triboelectrification. The results soundly support that backflow-stuck charges
determine the charge density at TE, where the interface barrier plays a key
role. The model provides a new perspective of the charge transfer
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mechanism on the TE and can be generally applied to TE of conventional materials.

riboelectrification (TE), the process of materials
becoming electrically charged after contacting different
materials, is a commonplace phenomenon that has been
utilized for commercial applications (e.g., printing'”
sensors’ ), while also being extensively investigated for self-
powered electronics and energy harvesting systems.’”"*
Although this phenomenon has a long history of research that
is becoming increasingly urgent in order to tackle practical
energy problems, little is known about the associated material-
dependent properties. The triboelectric series—the ranking of
various materials according to their propensity to gain or lose
electrons—was first published in 1757,'° but understanding the
mechanisms involved in this ranking has remained a long-
standing and unresolved issue. One perspective proposed nearly
a century ago is that this TE phenomenon appears simple, yet is
actually rather baffling, and our understanding is still in the
pioneering stage despite great efforts.'® Since then, modern
scientific techniques have been applied to understand this
fundamental phenomenon for several generations; however,
more puzzling behaviors continue to emerge in the process. As
such, the perspective in this field is still baffling, and the
understanding of the TE mechanism remains primitive.'’
Because the triboelectric series is purely empirical,">"” it is
thus highly dependent on material pairs (e.g., microstructure,
composition, particle size, and surface configuration) and
sensitive to experimental conditions (e.g, humidity, temper-
ature, and loading stress/frequency). Moreover, tribocharging
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through contact-separation is a complex nonequilibrium process
involving various scientific aspects such as electrostatics,””*'
surface chemistry,22’23 friction,** and stress—strain.>® For these
reasons, scientific progress toward defining the fundamental
principle that underlies the ordering of the materials in the
triboelectric series has been slow and remains largely unknown.
Elucidating the fundamental principle will allow researchers to
forecast the polarity of charges produced by TE, while also
providing insights into design criteria for energy harvesting
devices.”**

In particular, there is little consensus on the theories
surrounding TE in regard to charge transfer mechanisms or
descriptive properties of materials to explain the ranking of the
triboelectric series. TE between metals almost certainly involves
electron transfer according to the difference in electronic work
functions of the metals, which has been rigorously demonstrated
in various studies.””*° On the other hand, for TE of insulating
materials, it is still unclear whether the charged species that
transfer from one material to another are electrons, ions, or
charged materials (mass). For polymers, hydrophilicity and
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Figure 1. Triboelectrification of the Au-dielectric and triboelectric series. (a) Schematic of the metal-dielectric triboelectrification (TE)
measuring device (triboelectric generator, TEG). The magnified interface is shown with a theoretical electronic configuration at the atomic
scale. Four models were assessed to identify the mechanism of triboelectric charge transfer between a metal (Au) and five different inorganic
dielectric materials (Al,0;, MgO, LaAlO;, SrTiO;, and TiO,). A new perspective that combines electron backflow with “stuck” charges caused
by interface potential barriers was thus proposed. (b) Schematic illustration of a pressing stage to measure triboelectric output. (c) Generated
triboelectric signals of open-circuit voltage and (d) short-circuit current. (e) Triboelectric series including the representative inorganic
dielectric materials investigated in this study, arranged according to the order of the generated triboelectric output.

Lewis basicity”' have been proposed to determine the
tribocharging series. Surprisingly, inorganic dielectric materials,
which by definition contain a bandgap that regulates electron
mobility, lie on both ends of the triboelectric series. In an effort
to consistently examine TE for a number of common inorganic
nonmetallic materials, Zou et al.'” recently assesses nearly 30
materials and showed there is no clear correlation between
dielectric constant and TE outputs. Instead, they claimed that
the work function may be the descriptor for TE. However, only a
limited number of work functions are presented, and as the
authors stated, the defects (especially grain boundaries) can
significantly modify the work functions, which is often hardly
excluded from experimental studies. Therefore, a large part of
TE in inorganic dielectrics still remains inconclusive.
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Recently, the main triboelectric charged species generated on
inorganic dielectric surfaces (SiO,, ALO;, and SizN,) were
identified as electrons by exploring the triboelectric charge decay
under different temperatures at both the macroscale and the
nanoscale, which was explained by the thermionic emission
theory.”* While it is convincing from experimental observa-
tions that electrons predominantly contribute to the TE in
metal-dielectric or dielectric-dielectric interfaces, more ques-
tions remain: What is the qualitative description of how
electrons are transferred? Which properties of materials or
material pairs can be quantitatively ascribed to the tribocharge
and explain the triboelectric ranking? To address these concerns,
various plausible models for electron transfer have been
suggested, such as the spatial charge redistribution
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Figure 2. (a) Schematic illustration of the previous interfacial potential barrier model of the Au-MgO system at an interface distance of 2.5 A,
showing the average electrostatic potential along the z-axis. (b) Calculated interface barriers of Au-dielectric systems at the equilibrium

distance.

model,****3° the surface state model,**™>* the effective work
function model,>*™** and the interface potential barrier
model.’”" However, none of these models comprehensively
resolved the above questions due to various difficulties related to
high-quality sample preparation to exclude mixed extrinsic
effects and a lack of comprehensive coordination between
quantitative calculations and measurements.

The main purpose of this study is to facilitate the
establishment of an electron transfer mechanism and provide a
quantitative understanding of the triboelectric series through
analysis of experimental results and first-principles calculations
performed on a series of Au-dielectric pairs under controlled
conditions, as depicted in Figure la. The first-principles results
are utilized to assess the previously proposed electron transfer
mechanisms (i.e., charge redistribution, surface state, effective
work function, and interface barrier models) in a metal-dielectric
TE. Furthermore, we propose a backflow-stuck charge model
that is based on the electron backflow emission, which is a key
for determining the amount of “stuck” charges. In our backflow-
stuck charge model, the electrostatic interface barrier between
two materials determines the quantity of electronic backflow and
stuck charges.

Material samples and experimental design were carefully
chosen to obtain quantified intrinsic TE values. Figure 1b
illustrates the contact-separation machine setup for TE
experiments. A given dielectric single crystal wafer and the Au
metal film were attached on the bottom floor plate and the top
pressing jig, respectively, in a Faraday cage frame to block any
external fields. During the up-and-down movement of the top
jig, the two counterpart surfaces (metal-dielectric) undergo the
contact-separation mode of TE. Sliding mode TE is excluded in
this study because it includes more complex extrinsic factors
such as shear stress and severe abrasion. Therefore, our
experimental setup can be considered a contact electrification-
based triboelectric generator (TEG). Further details are
described in Supporting Information (SI) Methods 1. Figure
lc,d display the generated open-circuit voltage and the short-
circuit current signals by the TEG, respectively (for the details
see SI Methods 2). All triboelectric signals were measured after a
stabilizing triboelectric process was maintained for a few seconds
to achieve saturated TE.

Five types of inorganic dielectric single crystal materials (i.e.,
AL O3, MgO, LaAlOj;, SrTiOj;, and TiO,) generated distinctly
different signals. For instance, the Au—Al,O; TEG generates
~32V and ~3 pA, whereas the Au-TiO, TEG produces ~2.5V
and ~100 nA. Note that we selected five inorganic dielectric

2794

materials that do not possess ferroelectric polarization or
piezoelectric interference for this study. The choice of using
single crystals is another important aspect because other effects
from main defects, such as grain boundaries, must be avoided.
Therefore, we selected commercially available oxide wafers with
polished surfaces and identical thickness to control material
conditions. As a counterpart triboelectric metal surface, Au film
was utilized because it is chemically inert while also being
triboelectrically neutral (positioned nearly in the middle of the
triboelectric series, as shown in Figure le). Moreover, the energy
states of the different crystal orientations of Au film are very
similar, as shown in SI Note 1. Based on the measured
triboelectric signals, the dielectric materials are arranged from
the positive side of the triboelectric series in the following order:
AL,O; > MgO > LaAlO; > SrTiO; > TiO,, as designated in
Figure le.

Herein, four TE electron transfer mechanisms (I—IV) that are
under debate in the literature are assessed using first-principles
calculations combined with experimental results. The computa-
tional details can be found in the SI Methods 3 as well as in the SI
Notes 2 and 3. The description of these models, namely (I)
spatial charge redistribution, (II) surface state, (III) effective
work function change, and (IV) interface potential barrier
model, are presented in SI Note 5.

Based on our first-principles analysis for mechanisms, only
interface potential barrier (IV) showed strong correlation with
experimentally measured charge density and material-pair
dependency; none of the other models successfully account
for experimental observations. The detailed analysis for
mechanisms (I-III) is presented in SI Note S and Figure
$4.%*7* The interface barrier (W) is defined as the difference
between the maximum electrostatic potential of the interface
and the Fermi level at equilibrium. Figure 2a schematically
illustrates a planar electrostatic potential at contact (i.e.,
equilibrium), reflecting the change of the average potential
along the axis perpendicular to the contact surface (z-axis).
From the planar potential of Au-dielectric pairs (Figure S7), the
density functional theory (DFT) calculated interface barriers
were identified and are summarized in Figure 2b. It is
noteworthy that the theoretical order of barrier heights clearly
corresponds to the experimentally measured order of tribo-
electric output. Such a correlation seems to be a strange
phenomenon because the previous interface potential barrier
model qualitatively expected and suggested that a higher
potential barrier restrains electron transfer across the interface,
resulting in lower triboelectric signals.”'9 Interestingly, however,
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Figure 3. “Backflow-stuck charge” model and its validation. (a) “Backflow-stuck charge” model illustrated in the following three stages: (left)
approaching, (middle) full contact, and (right) withdrawing. (b) Measured triboelectric charge density with increasing temperature for each
Au-dielectric material system. Dashed lines are fitted to the equation in the main text, and the extracted barrier values from experiments are
displayed. (c) Calculated and experimental interface potential barrier, also compared with the experimentally measured triboelectric voltage

and current.

a positive relationship between the theoretical interface barrier
and the experimental triboelectric output was observed from our
quantitative first-principles DFT calculations, thus indicating a
completely inverse tendency compared with the previous
potential barrier model. Therefore, this paradoxical phenomen-
on shall be interpreted in greater detail below.

To understand how the interface potential barrier determines
the output current and voltage, the process of electron transfer
first needs to be considered. Here, the backflow-stuck charge
model for TE during the contact-separation process is proposed
with three stages of TE: (i) approaching, (ii) contact, and (ii)
withdrawing.

As depicted in Figure 3a, the Fermi level of the dielectric
material, which is usually more tribo-positive, is greater than the
metal before contact.

(i) When the materials are “approaching” each other in close
proximity, an electrostatic interface barrier emerges
between them. The height of the interface barrier is
different for dissimilar material pairs. Despite the
existence of the barrier, electrons can easily be transported
from the dielectric to the metal because the input
mechanical energy during TE exceeds the energy to
overcome the barrier. For our experimental conditions
using a general TEG to evaluate a simple contact TE
process with a normal force of 50 N, contact area of 100
mm? (= 0.5 MPa), and velocity of 0.1 m/s, we can
estimate the maximum energy flux to be ~10* J/m’s
(~10* eV/atom/s). Considering the mass ratio between
the nucleus and electron (~10° to 10*1), the scale of
energy flux on an electron is far beyond the thermal
energy at room temperature (k, T ~0.02 eV), and it can
generate hot electrons that overcome the interface
potential barrier. Given the scale of these forces, the
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(i)

(iii)

input energy is also sufficiently higher than the energy
required to activate electron transfer from one surface to
another by activating various mechanisms such as
phonon-drag, flexoelectricity, and frictional heat. Specif-
ically, phonons generated by lattice vibrations can interact
with electrons, where it has been shown that the kinetic
energy of electrons can drastically increase via the
phonon-drag effect.””*" Furthermore, it is also plausible
for electron transfer to occur via atomic bond break-
ing,sz’53 strain gradient-induced electrical polarization
(ie., flexoelectricity),” field emission (i, quantum
tunneling),’”** or coupled effects of the listed mechanism
(I-1IV). In short, initial “forward-flow” occurs, regardless
of the mechanism because there is more than sufficient
driving force from the mechanical contact.

At the “contact” stage (d = deq), the Fermi levels of each
material are aligned due to charge balance at the interface.
Electrons from the dielectric material flow into the metal
counterpart until equilibrium is reached between the two
materials. Excess electrons reside on the metal surface
while electrons are depleted on the dielectric surface.

As the two materials are “withdrawing” from each other,
the extra charges on the metal surface will experience a
thermodynamic driving force for “backflow” to return to
the original electronic state without interface. At this
stage, there is no direct influence from mechanical force
(i.e., insufficient energy to activate electron transfer,
unlike in stage (i)), but the lattice vibration or
deformation originating from the detachment of two
surfaces allows kinetic activation for backflow emission.
The electrons excited by nonstationary external effects
such as lattice vibrations, so-called exoelectrons,” can
tunnel with a certain probability, where the probability is
primarily determined by the magnitude of the potential
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barrier. The kinetic energy of exoelectrons on the metal
surface range from 0.0 to 1.5 eV due to the lattice
vibration.*® These electrons with kinetic energy possess a
certain probability to flow back from the metal to the
dielectric material by quantum tunneling, thus resulting in
the rest of the electrons on the metal surface remaining as
“stuck” charges, which corresponds to the experimental

charge density.

Up to this point, we have corroborated the backflow-stuck
charge model for TE, which depends on the barriers of metal-
dielectric systems. It is worth noting that the concept of backflow
and “stuck” charges was taken into consideration in previous
studies;>”**°”% however, conventional theories on the
mechanism of TE focused on the correlation only between
forward-flow and tribo-charges, whereas the key factor
determining the tribo-charges is indeed the stuck charge
associated with backflow. Using our new perspective, the
model further clarifies some previously unclear observations in
TE phenomena. In this work and a previous theoretical study,’®
a large discrepancy between calculated and measured tribo-
electric charge density levels was shown, with approximately 4—
S orders of magnitude difference (as in Figure 2b). The
measured charge density is far less than the thermal equilibrium
charge density, which indicates that the charges are not entirely
transferred; it is plausible that only stuck charges are significantly
involved in triboelectric signal generation in experimental
measurements.

In recent study of temporally resolved signal analysis, it was
discovered that there were asymmetric wave forms of voltage
signals at the separation state.”” Intriguingly, this observation
evidently showed that transferred electrons (from dielectric to
metal) at the contact state can flow back considerably to the
initial surface (from metal to dielectric). Furthermore, it is well-
known that triboelectric generating signals from initial contacts
do not agree with the final saturated triboelectric output that
should be obtained after repeating contact-separation cycles
several times, called a stabilizing triboelectric process (in fact,
many studies about triboelectric energy harvesting inevitably
undergo such a process to stabilized and maximized TEG
performance). If triboelectric charging is dominated by forward-
flow, it is difficult to physically understand that a considerable
amount of contact time is required for saturated TE, because the
driving force of forward-flow at the contact state is already much
greater than the energy needed for electron transfer, as
mentioned earlier. In contrast, this behavior can easily be
explained by the backflow-stuck charge model; because of the
existence of the interface barrier and the finite probability of
tunneling, stuck charges (remaining electrons after backflow)
accumulate gradually while the contact/separation cycles are
repeated and eventually reach saturation. Therefore, these
universal observations in TE support the validity of the
backflow-stuck charge model.

To further verify the model and electrostatic barrier
dependence obtained from theoretical calculations, we extracted
barrier values from variable temperature experiments. Whereas
forward-flow is nearly independent of temperature since there is
always sufficient energy for electron transfer, the number of
stuck charges should decrease as the temperature increases
because thermal energy Opromotes the backflow of electrons with
thermionic emission.””°" The charge density of metal-dielectric
systems at elevated temperature (298—523 K) was exper-
imentally measured (Figure 3b and Figure S8). If the process is
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regulated by the interface barrier, then the temperature-
dependent kinetics should follow an Arrhenius relationship.
Thus, the charge density, o, is expressed as

a=001—A0exp[—%] 0
b 1

where 0, is the ideal charge density that is transferrable without

backflow. The term exp( ) is the Boltzmann probability of

w
kT
an electron overcoming the potential barrier, W (i.e., backflow),
where k, and T are the Boltzmann constant and the temperature,
respectively. The A, is a dimensionless pre-exponential factor
expressed as A = @, t,, where @, is an attempt frequency and ¢, is
accumulated contact/separation time to reach tribo-charging
saturation. The @, was set at a constant value of equilibrium
phonon frequency, 10 THz, which is the upper bound of the
equilibrium phonon frequency range for crystals (1—10 THz).%*
The t, was set to S s based on our experimental results. Since

exp ( —k%) < 1 at the temperature range used in this study, the

above expression can be rewritten with a first-order approx-
imation as

AW 1
— + const
k, T (2)

The AgW/ki, term can be expressed as the slope of In(o) as a
function of T~' from eq 2, as shown in Figure 3b. The
experimentally determined barriers (WEXP) are in the range of
2.01 to 3.46 eV depending on the type of material. The relative
order of the barriers extracted from the experiments corresponds
well to that of the DFT calculated barriers (W) of ALLO; >
MgO > LaAlO; > SrTiO; > TiO,. In Figure 3c, W, and W,,,
are plotted for comparison, as well as the experimentally
measured triboelectric output in order to visualize the
relationship between them, resulting in well-matched tenden-
cies. Comparison of the absolute values of the theoretical and
experimental potential barriers indicates that the W,,, and W,
are similar, with some discrepancies that arise because the
theoretically calculated barrier is based on the thermodynamic
equilibrium condition at steady-state, whereas it is difficult to
achieve this in the experimental system; thus, a discrepancy in
the absolute values of W, and W, is expected. Furthermore,
the nonequilibrium state may act as an additional driving force,
causing an effective lowering of the barrier that electrons
experience. Especially for Au—Al, O3, hydrogen present on the
surface might impose easier electron transfer via material
transport (SI Note 2);* notwithstanding, the fact that the
tendencies are the same does not change. This agreement
between W, and W, provides a robust support for the
backflow-stuck charge model.

In Figure 3c, the triboelectric voltage and current signals
decrease exponentially as the barriers decrease, implying that the
TE output is expressed in an exponential function that includes
the interface potential barrier. To extend our approach to exploit
the quantum-tunneling effect, a numerical calculation for the
barrier dependency of tunneling probability was performed. As
shown in SI Note 6, the tunneling effect is a barrier-dependent
exponential function, which explains the nonlinear and positive
relationship between the potential barrier and the triboelectric
voltage/current output, further supporting the validity of the
backflow-stuck charge model.

In(o) =
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In conclusion, a straightforward design of TE for a metal-
dielectric series has been investigated to understand the most
dominant electron transfer mechanism in TE—both qualita-
tively and quantitatively—to establish an advanced triboelectric
charging model. By comparing experimental measurements with
first-principles calculations, we examined four types of electron
transfer mechanisms based on the: (I) simple charge
redistribution model, (II) surface bandgap state model, (III)
work function change model, and (IV) interface potential barrier
model. It is clear that the triboelectric voltage/current output
exhibits a positive relationship with the interface barrier, whereas
the other mechanisms ultimately provided either an insignificant
contribution to triboelectric charging or an unclear relationship
with the barrier. In contrast to previous theories mostly focusing
on the forward-flow of electrons just after mechanical contact,
our results advocate that the stuck charges (i.e., the charges that
survived from the backflow of electrons just before subsequent
separation) is the foundation of tribo-charging. To elaborate
these points, a backflow-stuck charge model was proposed:
electrons can always allowedly flow forward upon mechanical
contact due to sufficient driving force, but the net triboelectric
charge density is determined by the amount of backflow and the
remaining stuck charge at the interface barrier. The agreement
between the theoretically calculated barrier and the exper-
imentally fitted barrier from the temperature-dependent results
suggests that the interface barrier plays a significant role in the
positive relationship with final tribo-charging.

Finally, analysis of quantum tunneling probability confirmed
electron backflow emission, as the exponentially positive
relationship with the barrier and the experimental TE output
was verified. Our model refines the mechanism of TE, providing
information for rethinking the mechanisms involved in the
ranking of the conventional triboelectric series. Although we
have used the single crystal dielectric ceramics in this study to
exclude complex artifacts from grain boundary defects, there are
no theoretical problems in applying this advanced model to
polycrystalline dielectric materials. Moreover, the backflow and
stuck charge model can be also adopted to metal—metal pair or
dielectric—dielectric pair systems as well as metal—dielectric
systems. In metal—metal triboelectric pair systems, this model
might be less important due to low potential barrier in
triboelectric charging. In dielectric—dielectric pair systems, it
should be noted that ion transfers or mass transfers become
more dominant than electron transfers. Therefore, the backflow
and stuck charge model can be adapted to other systems,
although it is also more complicated and possibly modified by
other charge types. In summary, the barrier-dependent stuck
charge model unveiled in this study will help understand tribo-
charging phenomena and the triboelectric series of dielectric
materials, which can shed a light on evaluating tribo-
electrification for metal-dielectric pairs as well as for other
material pairs, which can aid the development of improved
triboelectric devices such as sensors and renewable energy
applications in the future.
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