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ARTICLE INFO ABSTRACT

Conversion of mechanical energy into electricity using triboelectric nanogenerators (TENGs) is a rapidly expanding
research area. Although the theoretical origin of TENGs has been proven using the Maxwell's displacement current
(Ip), a profound quantitative understanding of its generation is not available. Moreover, a comprehensive analysis of
the fundamental charging behavior of TENGs and building a standard to evaluate each TENG's unique charging
characteristic are critical to ensure efficient use of them in practice. We present a thorough analysis of TENG's
charging behavior through which a more complete evaluation of TENG charging is proposed by introducing the
structural figure of merit (FOMCs) in a charging system (powering capacitors). The analysis is based on Maxwell's
displacement current and results are verified experimentally. To achieve this, according to the distance-dependent
electric field model, we provide a systematic discussion on the generation of I, in TENGs, along with the derived
analytical formula and numerical calculations. This work suggests a new way to deeply understand the nature of the
I, generated within the TENGs; and the modified FOMC;s can be used to predict the charging characteristics of TENGs
in an energy storage system, allowing us to utilize the TENGs more efficiently towards different applications.
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1. Introduction

To eliminate the inconsistency between Ampere's law and the principle
of conservation of charges, the displacement current (I,) was first proposed
by James Clerk Maxwell in 1861, by adding a changing electric field as the
source of the magnetic field [1]. The displacement current is not the current
produced by flow of free charges, but originates from a time-varying electric
field and the associated media polarization [1,2]. Triboelectric nanogen-
erators (TENGs) are typically composed of two electrodes and at least one
pair of triboelectric layers [3-7]. The I, is generated due to the horizontal/
vertical movement of these layers with opposite triboelectric charges [8].
These triboelectric charges caused by the electron, ion, or material transfer,
lead to a time-varying electric field between the two electrodes when the
TENG is driven by mechanical action [9-13]. The time-varying electric field
propagates through the dielectric, until it is shielded by the free (induced)

charges at the dielectric-electrode interface. During the process, the electric
flux changes over time leading to the generation of I,. In other words, the
fundamental theoretical origin of TENGs is the Maxwell's displacement
current, and the TENG represents the application of Maxwell's displacement
current in energy and sensors [8,14-18]. Hence, developing a comprehen-
sive discussion of the generation of I, along with its affecting parameters
based on the time-varying electric field, is a key priority in-depth under-
standing the nature of TENG.

Immediate and effective conversion of mechanical energy into elec-
tricity is an essential characteristic of TENGs. However, owing to the irre-
gular and uncontrollable performances of the driven source, such as wind,
waves, and other ambient sources, the generated electrical output is un-
stable and usually shows a high voltage but limited current and thus can’t be
utilized directly to power electronic devices and sensor networks [19-23].
Hence, an energy storage unit is required to store the generated electricity,
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Fig. 1. Illustrations about the Maxwell's displacement current (Ip) and the magnetic field at a distance r from the conducting wire for a vertical contact-separation
(CS) triboelectric nanogenerator (TENG). (a, b) Defined surfaces S1 and S2 near the metal electrode of the TENG are bounded using a same path I". The conduction
currentlpasses through S1 but not through S2, only the displacement current I, passes through S2. The two currents are equal and continuous. Note that the
transferred charge between the two electrodes is Q. (c) The typical I, between the metal electrodes of the CS mode TENG varies with time and has a maximum value,
when the TENG is subject to sinusoidal motion. (d) The distribution of the magnetic field at a distance r from the conducting wire: the slice shows the magnetic flux
density norm; the arrows indicate the magnetic field (H) strength and direction.

with the aim of providing a stabilized and manageable output through a
capacitor or battery. While most of the previous reports have focused on the
theoretical prediction of the energy generation process, the energy storage
step, which is a central point, has drawn less attention [24-29]. From
previous limited studies, we can obtain only a few basic charging char-
acteristics of TENGs [30,31]. For instance, an optimum load capacitance
exists at which the energy transfer reaches a maximum otherwise a large
proportion of potentially usable energy may end up being wasted due to
capacitance mismatch between the TENG and the energy storage unit. Many
other fundamental behaviors such as the current and power output could
not be predicted which impeded efficient use of the TENGs. In addition,
many types of TENGs have been designed and fabricated, and each mode
has its own structure and related driven configurations [32-36]. To assess
and evaluate each TENG's charging characteristic especially at different load
capacitances is an important task to address.

In this work, we present a comprehensive analysis of using a TENG
to charge a capacitor and provide, for the first time, a predictable way
to understand the current and power behavior based on which a stan-
dardized evaluation of the charging characteristics of TENGs, i.e., the
structural figure of merit in a TENG charging system (FOMCs) is pro-
posed. In accordance with Maxwell's equations, the generation of
Maxwell's displacement current and its influencing factors are fully
investigated based on the distance-dependent electric field model. After
that, the fundamental charging characteristics of TENGs are described
with (or without) a full-wave bridge rectification, such as the current
and power, along with the consideration of charging cycles, maximum
distances and other affecting parameters. Finally, the structural FOMCg

is presented, which is utilized as a standard to evaluate and predict the
TENG's charging performances in an energy storage system, and
through which a TENG's performance can be fully assessed.

2. Theory
2.1. Energy conversion and capacitive model

Triboelectricity happens between two different materials that are
brought into contact and separated. Its mechanism is typically con-
tributed to electron transfer, ion transfer and/or material transfer
mainly determined by the respective work functions [9-13]. When
having physical contact, materials with a high work function accepts
easier electrons from materials with a low work function, so that two
different dielectric materials create oppositely charged surfaces, pro-
ducing a contact potential difference between them [37]. The electron
transfer will fade away as the Fermi levels of the two materials ap-
proach each other at contact. Before that, a potential difference is
beneficial to put the charged surfaces together. Separation of them,
combined with the induction due to the movement of these layers,
needs work done by a driving force whereby mechanical motion is
converted into electricity. However, because of dielectric materials’
poor conductivity, tribo-charges are static charges that cannot move
freely, and any charge loss will be replenished by the new contacts
[28,29,37]. So that, after several driven cycles, triboelectric surface
charge density increases and saturates, finally establishing a steady
state. Therefore, we assume that the tribo-charges are uniformly
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distributed on the contacting surfaces, and these charges remain un-
changed even when the oppositely charged surfaces are separated. This
is a fundamental theoretical principle behind all TENG models which
have already proved to be accurate by comparison with experimental
results [9,11,38-40].

The first physical model of a TENG is the capacitive model which is
established based on the electric field perpendicular to an infinitely
large electrode, because the area size of the electrodes is a few orders of
magnitude larger than their separation distance [26]. Then, the re-
sultant electric field between the two charged surfaces becomes a/¢,
elsewhere it is zero. This model has a certain success in explaining the
unique characteristics of TENGs, through which the standards of TENGs
have been built up [41]. Another model is the distance-dependent
electric field model [29], through which the total electric field above
the midpoint along an axis of a finite charged plane with length and
width can be derived [See ESI, Supplementary Note 1]. A variation in
the electric field with the distance from a finite charged plane is con-
sistent with the actual conditions of TENGs.

2.2. Generation of displacement current

According to Maxwell's electromagnetic field theory, the time-
varying electric field will result in electric flux changes over time
leading to the generation of a displacement current [1,2]. This phe-
nomenon can be interpreted mathematically through a CS mode TENG
illustrated in Fig. la-b. As tribo-charges on the contacting surfaces
reach a steady-state, free charges induced on the electrodes will flow
through the external circuit, producing an alternating current (AC)
conduction current I.

Now considering the two surfaces S; and S», bounded by the same
path I' (Fig. 1a). Ampére's law states that ¢B-ds is pol because the
conduction current I passes through S;. If the path is considered as
bounding S,, no conduction current passes through it, but there exists
the displacement current. We can make the surface S, in Fig. 1a (1b)
into a “special Gaussian surface”, which is everywhere perpendicular to
the total electric field between the charged surfaces and over which the
electric field is uniform. The displacement current through a surface S
which passes the dielectric in Fig. 1a is:

)
s ot

9Q

d d
-da = a_t(‘/; D~nda) = a_t(l/; EoErE'nda) = 6_t

where ¢, is the dielectric constant, Q is the transferred charge (free
charge). Note that for an isotropic material, the relationship between D
and E is D = goe,E [1,2] (See ESI, Supplementary Note 2). Further, I,
equals the conduction current in the external circuit of TENGs. Based on
the postulation of the displacement current, the contradictory situation
that arises from the discontinuity of the current is solved. In other
words, when the path I" is considered as bounding S,, yf B-ds is not zero,
due to the displacement current I, passing through it. Note in parti-
cular, as a TENG is driven by a mechanical force, the changing electric
field between the two electrodes is equivalent to the conduction current
in the external circuit. A second term 0P/dt in I, is related to the po-
larization of the media plus the electrostatic charges arising from pie-
zoelectric or triboelectric effects, from which the fundamental char-
acteristics of piezoelectric nanogenerator and triboelectric
nanogenerator can all be derived [8]. Therefore, an additional term Py
due to surface charges should be added, that is D = €q¢,E + Ps. Hence,
for the nonlinear materials, we can also find the displacement current

ID=

@
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The above analysis provides a systematic mathematical demon-
stration of the generation of I, in a TENG.
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2.3. Power output and energy transmission

Consider a CS mode TENG connected to an external capacitor (Cp).
We start with a simple case where the Cy, is charged under a unidirec-
tional mechanical motion (Fig. 3a). Because the charging current is
unidirectional no rectifier bridge is needed during the charging process.
However, in real practical applications, TENGs usually work under
periodic mechanical motion, outputting the AC current. This AC current
is typically converted to direct current (DC) to power storage unit by a
full-wave bridge rectifier (Fig. 3b). In general, when a voltage is applied
to a conventional C;, opposite free charges will be generated and stored
in electrical conductors. Nonetheless, there are no electric charges
transporting through the internal capacitor due to these electrical
conductors being separated by a dielectric. This displacement current is
indistinguishable from the conduction current I in the external circuit.
Its magnitude is proportional to the rate at which the voltage (V<)
across the capacitor varies in time, or, mathematically, I = C;dV/dt. In
addition, we have proved that the displacement current I, in a TENG is
equal to the conduction current through the external circuit, i.e.,

dve

Ip=1=C¢
D L

3

As stated before, one operation cycle of a TENG can be divided into
two half cycles, the first (1st) half cycle and the second (2nd) half cycle.
Based on the node charge conservation, Kirchhoff's law and the above
analysis the governing equation for the first half cycle can be derived (ESI,
Supplementary Note 2). Then, the capacitor current at the first half cycle (I
¢ k1st) becomes:

dvlgls[
dt

— koc:lst
dt

Ilglst =G 4
where, V ¢ 15 represents the voltage across Ci, Q ¢ k15 is the stored
charge on Cy, Qy 15 denotes the transferred charges (free charges) from one
electrode to the other; k, 1st means at the first half of the kth cycle (ESI,
Supplementary Note 3). It should be noted that the voltage across the
terminals of the C, cannot change instantaneously, because such a change
(Eq. (4)) would produce an infinite current. Then, we can derive the power
(P ¢ k150 and energy (E ¢ k1) Stored in the Cj, at the first half cycle,

dVIglst
dt %)

[k+%]T

1 2
Elgls[ = ECL(Vlglsz) = ‘/I:T

C _iC o _ c
Pers = Icise Vicrs = CVias

by IcC:lsl dt 6)

Similarly, at the second half cycle of the kth cycle, the current (I ¢
k2nd)s POWer (P ¢ k2nq) and energy (E ¢ i 2ng) Stored in Cy, can be de-
scribed (see the ESI, Supplementary Note 3). In particular, the stored
energy can be obtained by:

[y

1 2 T
EIEan = ECL(VkC.an) = ﬁr

I3
P dt + fk N Pt
( +7]T %)

Several key observations can be made from the above equations. First,
the capacitor current through Cy, is I, and its magnitude is equal to the
conduction current I in the wire or external circuit. So currents flow in a
closed circuit. Second, Egs. (1) and (2) establish expressions for the cur-
rents in a TENG in agreement with Eq. (4) and (S30). Third, Egs. (3)-(7)
are generally applicable to other types of TENGs with suitable modifica-
tions to Cy, and V¢ depending on the respective device architecture.

2.4. Structural figure-of-merits in a TENG charging system
Through Egs. (6) and (7), we can accurately predict the energy

storage behavior in C;, powered by TENGs with different configurations.
According to the established standards of TENGs, we notice that the
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Fig. 2. I-time relationships at different load capacitances for (a) CS mode, (c) contact freestanding triboelectric-layer (CFT) structure, (d) single-electrode contact
(SEC) structure and (b) lateral sliding (LS) mode TENG calculated by analytical formulas. (e) The influence of the load capacitances on the maximum I, of the CS
mode TENG. The inset shows the change of these maximum I, when edge effects are considered, whereas the 1S and 2S represent calculations considering 1-side and
2-side effects. (f) Maximum I, profile with three typical external capacitors (4.9 pF, 0.49 nF and 4.9 pF) at different velocities.

unique output performance of TENG is significantly related to the term
of E,,, the largest possible output energy per cycle [41]. However, E,,, is
quite different from the maximum stored energy E ¢ , in Cy, under the
same conditions. Mathematically, E,, can be calculated from the max-
imum short-circuit transferred charge Qs max, the maximum open-cir-
cuit voltage Vocmax, and the maximum achievable absolute voltage V-
max at Q = Qsc,max. The E ¢ , is the energy stored in Cy, in the final cycle
(at saturation voltage Vg, of Cy), which is equal to the integral of stored
power from O to the final cycle time, or the product of Cy, and Vi, From
previous research, we find that V, is only a function of TENG para-
meters, and can be calculated by the equation: Vsa¢ = Qscmax / (Cmin +
Cmax) [31]. Hence, E ¢ ,, is mainly related to the final charging cycle
numbers k and the saturation voltage Vg, of the Cp,

On the other hand, the E ¢ ,, just like the E,,, is also strongly af-
fected by the area of the tribo-charged surfaces (A), maximum relative
distance (xpax) as well as the surface charge density (o). Therefore, to
quantitatively evaluate each TENGs’ unique charging performance, the
structural figure of merit in a TENG charging system (FOMC) is pro-
posed, which is affected by the structural parameters, Xz, and the
final changing cycle numbers k, defined as:

2¢g

EC
FOMC = — m
0% kAXmax

(€))

where, £ is the permittivity of the vacuum, ES, represents the maximum
stored energy in Cy, at the final charging cycle k, which can be calcu-
lated by Eq. (7). In other words, the established standards of TENGs
could be expanded to be utilized in a charging system, along with ap-
propriate changes. Hitherto, the literature has focused on the available
and practical energy stored in C;, based on the practical use of TENGs in
a charging system (at powering capacitors), hence disparate conclu-
sions are often made compared with the standard derived FOMs. Here,
two points are important to note: first, the structural FOMC is a non-
dimensional parameter, which is mainly used in a TENG charging
system with the aim of assessing TENG's unique charging character-
istics. Further, this structural FOMC highly depends on the TENG
structural parameters and final charging cycle, but it is independent of
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Cp, which will be demonstrated below. Three, the ES, we utilized can be
practically achieved in a TENG charging system, thus the corresponding
derived FOMC;s are also easily attainable and achievable, improving its
applicability to predict and assess the charging characteristics of
TENGsS.

3. Materials and methods

The CS mode TENG was fabricated by attaching a copper (Cu) film
as electrode on a fluorinated ethylene propylene (FEP) layer, then the
composite layers were attached on an acrylic board, along with the Cu
surface facing the board. The Cu layer attached on another acrylic
board was utilized as the second tribolelectric surface. The TENG layers
were contacted and separated through a linear motion control setup.
For the LS mode TENG, the fabricated composite layers (Cu/FEP) were
utilized as the static part, while the Cu layer attached on another acrylic
board was utilized as the motion part. The charge and current outputs
were measured using a Keithely 6514 electrometer, whereas the voltage
was measured using an oscilloscope. The theoretical calculations of
TENG were conducted through the derived equations presented in the
article. A typical movement of the TENG layers is achieved by sinu-
soidal motion profiles defined as x(t) = 0.5 Xyax (1- cos (FVE/Xmax)),
where x(t) is the separation of TENG layers at time ¢, Xpnax is the max-
imum relative distance, unless otherwise stated.

4. Results and discussion
4.1. Influence of the load capacitance on the displacement current

The real-time I, for four basic modes of TENGs under unidirectional
mechanical motion with different Cy, are plotted in Fig. 2. We note that
for any external Cy, a current peak exists. Increasing the Cy, increases the
maximum I which is observed for all basic modes of TENGs (Fig. 2a-d).
Due to the limited charge transfer rate effected by the capacitive im-
pedance associated with Cj, the output charge does not saturate im-
mediately, leading to the unstopped charge transfer between two
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Fig. 3. (a) Equivalent circuit model of a TENG system utilized in the unidirectional charging motion and (b) using a full bridge rectifier to charge a capacitor directly
under periodic mechanical motion. Power-time relationships at different load capacitances for (¢) CS mode, (d) contact freestanding triboelectric-layer (CFT)
structure, (e) single-electrode contact (SEC) structure and (f) lateral sliding (LS) mode TENG calculated by analytical formulas (Egs (5) and S31). CS mode TENG
charging characteristics under unidirectional mechanical motion at the first separation half-cycle: (g) the influence of the load capacitances on the instantaneous
power output; (h) stored energy-time relationships at different load capacitances; (f) the encircled areas of V-Q curves with different load capacitances, equivalent to
the final stored energy in the first half cycle. Note that all the curves in Figs. 3(c) to 3(i) are numerically calculated under unidirectional charging motion.

electrodes after the triboelectric layers stop movement. Consequently, a
peak/maximum Iy, is achieved. Furthermore, since the impedance of a
capacitor is inversely proportional to Cj, for a particular change in
voltage across the capacitor, the smaller the value of the C;, the bigger
the resulting impedance. Therefore, when a very small C;, is loaded, it
generates a rather high opposition. This will reduce the electron
transfer rate from one electrode to the other, decreasing the change of
total electric field between them. As indicated by Egs. (1) and (2), the
reduced change of electric field leads to a lower change of electric flux,
resulting in a small I;,. Herein, the rearrange rate of electrons on elec-
trode and the time-varying polarization in dielectric material also slow
down. Conversely, if the load C;, increases, the related electric field and
electric flux show drastic changes, generating a larger Ip,.

As shown in Fig. 2e, it is apparent that increasing Cy, results in a
significant increase in the maximum I until a threshold value but a
TENG works close to a quasi-SC condition due to the rather small im-
pedance caused by the larger C;. Note that edge effects are considered
and calculated by analytical formulae (see the ESI, Supplementary Note
5) [25,41]. Except for the C;, increasing v is also an effective way to
improve the maximum I, (Fig. 2f). This is because the increase of ve-
locity for a given Xxpyax corresponds to increasing the frequency of
TENGs, i.e., an increasing change in the electric field and electric flux as
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well as the maximum I,. Hence, loading with a larger C;, or increasing v
of the triboelectric layers and even both of them can be a suitable
strategy to obtain a maximum Ip.

4.2. Power and energy output at unidirectional mechanical motion

Power and energy output of the TENG are important parameters for
its use as a power source. The energy stored in different C;, during a
TENG half-cycle movement can be accurately calculated by integrating
the corresponding output power with respect to time. Fig. 3a is an
equivalent circuit model of a whole TENG charging system, and 3b
shows that a full bridge rectifier is introduced to charge the Cy, directly.
For a CS mode TENG, the detailed profiles of the charge, voltage,
power, and energy relationships under different C; are demonstrated in
Fig. S3, S4a, S4b, 3c, 3g and 3h, respectively. The corresponding ca-
pacitor current calculated under the same conditions can be seen in
Fig. 2a. This is because all currents, including the I, and I, flow in a
closed circuit as stated before. We notice that when Cj, is small, its
impedance is much larger than the impedance of Cr (the time-variant
capacitance of the TENG) and the TENG is working under a quasi-OC
condition. Hence, the voltage across the Cy, is close to Voc. However,
due to the slow change rate of dv/dt, the corresponding current is rather
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Fig. 4. TENG charging characteristics in the first two cycles. (a) Voltage-time, (b) current-time and (c) power-time relationships with load capacitance C;, = 50 nF.
(d) Absolute values of the voltage-time relationships with load capacitance C;, = 50 nF. (e) The V-Q curves with load capacitance C;, = 50 nF, the inset is the stored
energy-time relationship with load capacitance C;, = 50 nF. (f) The V-Q curves with three different load capacitances: C;, = 25nF, 50 nF and 75 nF.

small. Moreover, a small C;, means that only a limited charges can be
stored in it, therefore resulting in a very small stored energy. Con-
versely, when Cy, is rather large, the TENG works under a quasi-short
circuit (SC) condition. Although the maximum current approximately
approaches the SC current, the voltage applied to the Cy drops to nearly
zero, resulting in relatively lower peak power and stored energy. The
same situation can be found in other three modes of TENGs, as depicted
in Fig. 3d, e and f.

When Cy is neither too large nor too small, the behavior of the TENG
is in the transitional region between SC and OC conditions (Fig. S4),
within which the maximum power as well as the largest stored energy

can be reached, as shown in Fig. 3g and S4b, respectively. In addition,
based on the previous research, we find that the energy output of TENG
can be represented by the plot of built-up voltage V against the trans-
ferred charges Q [41]. A similar method was carried out to find the
energy stored in Cp, through the V-Q plots (Fig. 3i). We note that the
circled areas of these plots increase firstly and then decrease, demon-
strating the largest area at a corresponding Ci, i.e., the optimum Cy, of
the charging system (here it closes to 30 pF). In order to further prove
this result, the V-Q plots of the other three modes (CFT, SEC and LS) and
the related real-time voltage and charge are also provided, as shown in
Fig. S4c-k, which demonstrate a common phenomenon. Therefore, the
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V-Q plots presented here could be an effective way to help to under-
stand the energy storage behavior of TENGs.

4.3. Power and energy output under periodic mechanical motion

In practical applications, the TENG is mostly driven under a periodic
mechanical motion, leading to the generation of AC voltage/current
output. A full bridge-rectifier is utilized not only to transfer these AC
signals to DC outputs, but also to prevent charges leaking back from Cj,
to the TENG, which complicate the electric circuit of the TENG charging
system. To systematically analyze the whole process, several problems
need to be taken into account. First, the conversion process, involving
four diodes in the bridge configuration, is well documented in most
electronic texts. Conduction is permitted through the diodes; and then
the negative portion of the input can be effectively flipped by the bridge
configuration. In addition, similar to the previous ingenious way, a
node M is introduced, and one contact-separation cycle is divided into
two half cycles [31]. So that, each half cycle becomes a unidirectional
charging step, which is beneficial to analyze the charging behavior.

Based on Egs. (S22)—-(S32), systematically numerical calculations of
this nonlinear time-variant charging system were carried out aimed at
studying the basic charging performances including the current, and
power outputs under different C;. The initial condition we utilized is still
the same with the analysis of unidirectional charging. The detailed profiles
of the charge, current, and power relationships in the first two cycles are
depicted in Fig. 4a-c. In the first half cycle, when the top electrode moves
from x = 0 to X = Xy (Fig. S3a), the voltage across the Cp increases.
Conversely, it changes in opposite direction, and can increase continuously
because of the full-bridge rectifier. The corresponding variations of the
current and charge are shown in Fig. 4b, S5a and S5b, respectively.
Moreover, the power is always positive in the duration of the current
pulse, which means that energy is continuously being stored in the Ci.
When the current returns to zero, the stored energy is trapped because the
ideal capacitor offers no means for dissipating energy. Thus a voltage
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remains on the Cp even the capacitor current becomes zero. A similar
analysis can be conducted for the 2th cycle. Fig. 4d shows the volta-
ge|Vilacross the Cp in the first 2th charging cycles, the continued in-
creasing of the voltage is due to the full-bridge rectifier.

As stated before, under a unidirectional motion, the energy stored in
Cyp, could be represented by V-Q plots. Herein, this method is utilized
under a periodic mechanical motion. As depicted in Fig. 4e, the V-Q plot
for Cp, is a straight line, even after 2 operation cycles, meaning the
change tendency of charges stored in Cy, is similar to that of the voltage
across it. From Egs. (S23) and (S25), we find the equation Vg/Q% = 1/
C, which suggests that the slope of the straight line equals to the re-
ciprocal of Cy. This result can be proved further in Fig. 4f, from which
we note that the smaller the loaded Cy, the larger slope of the V-Q plot,
proving evidence for the above theoretical prediction. In addition, the
related charging voltage, charge, current, and power are depicted in
Fig. S6, and S7 respectively. Therefore, this new tool presented here can
not only provide the detailed charging behavior of TENGs, but also
reveal the energy stored in Cy, in an easily visible way.

In general, the instantaneous power to Cy, can be obtained by finding
the product of the voltage and current at any instant of time (Eq. (5)
and (S31)). The energy stored in Cy, is represented through integrating
the output power at a given time (Egs. (S6) and (S32)). To verify those
theoretical predictions continuously, numerical calculations are carried
out at different cycle numbers, as shown in Fig. 5.

The power and stored energy for different C; after 100 charging
cycles are shown in Fig. 5a and d. When C;, is small (3 nF), its peak
power increases quickly, and then decreases monotonically to its
steady-state value, generating a maximum peak power. When Ci, is
large (10 uF), its peak power keeps growing at a low rate. Then, a Cp,opt
for maximum peak power can be observed for fixed charging cycles,
which is similar to the previous unidirectional charging step. Never-
theless, the energy in Cy, is continuously being stored, in the form of an
electric field between the conducting surfaces (Fig. 5d). For a given
Xmax, if the k becomes larger, the optimum power increases with a
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decreasing rate until a threshold value is reached, as shown in Fig. 5b
(when k approaches 1500, the basic charging performances are de-
monstrated in Fig. S8). The inset in Fig. 5b shows the relationship be-
tween the peak power and C, at different cycles. This is mainly because
the voltage across Cy, starts to saturate when k gets large, especially
when it goes to infinity. Mathematically, according to Eq. (5) and (S31),
when the voltage across C;, approaches V., the charging rate reduces,
meaning the derivative of the voltage with respect to time t becomes
slower, ie., the factor dVg/dt gets smaller, resulting in a saturation
optimum power. The influence of k on the maximum stored energy is
demonstrated in Fig. 5e. The maximum stored energy increases as k
increases, and a log linear tendency between them can be obtained. In
other words, this relationship can be represented by a log linear trend.
Consequently, we suggest that the saturation trends can be used as
indicator in deciding an appropriate k for a given TENG charging
system.

In addition, for a given k, (here, k = 1500) a peak power exists as
the xmax changes (Fig. 5c). This attributes to two reasons. First, as the
Xmax increases, Cpi, of the CS mode TNEG changes very little compared
to Cmax, SO that the corresponding optimum capacitance Cp,qp: ap-
proximately remains constant (Fig. S9c), simply because Cy,op¢ is mainly
determinded by the sum of C,,;, and Cp,ax [31]. Thus, the voltage across
Cr,opt increases and reaches a saturation point, while the current to the
Cr,opt Shows opposite changes under the same condition (Fig. S9a, S9b,
and S9d). Consequently, increasing the X, leads to a variation of
output power, and a maximum peak power is observed at an appro-
priate distance (3.6E-5m in this study). For the same reasons, the en-
ergy stored in Cp,qp grows with increasing xmax and saturates after a
certain X, value (Fig. 5f). Hence, except for the TENG structural

parameters, a better understanding of the charging cycle numbers and
motion conditions is equally important in enhancing TENG energy
conversion and storage.

Considering the practical application of TENGs, the main concern is
to reach the saturation voltage Vg, of Cy and the maximum stored en-
ergy Es. As demonstrated in Fig. 6a, if the Cp reaches its saturation
voltage, it is seen that the final charging cycle depends log linearly on
the Cp even at different x,.,. In particular, the final cycle is propor-
tional to the x4 at a fixed Cy, (Fig. 6b). From Fig. 6¢ and d, the same
phenomenon can be observed for the relationship between ES, and C;, or
Xmax When one of the parameter is fixed and the other changed in a
certain range. The inset in Fig. 6d depicts the increasing of Vg, for Cy at
the increase of x,.y. It should be noticed that the above descriptions are
also applicable to other TENGs with different configurations (Fig. S12-
S15). This is mainly because a larger C; load implies a larger charges
can be stored, then a larger number of charging cycles are needed at a
fixed Xpax. On the other hand, the changing of x.x at a fixed Cp
strongly affects the Cp,;, of TENGs, so the Vg, and ES and the charging
cycle numbers will change also (Egs. (S6) and (S32)).

4.4. Structural FOMCs of TENGs

As indicated in Eq. (8), through the maximum stored energy E, in
Cy, at the final cycle divided by the cycle number taken to achieve the
final cycle, the average energy storage in Cy, per cycle can be obtained,
which has more practical meaning of TENGs for comparison. The cal-
culated structural FOMCg for the four basic modes of TENGs were
compared and depicted in Fig. 7 (detailed parameters are shown in
Supplementary tables S3-S5). Edge effects are also considered for the
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Table 1
Parameters utilized in the numerical calculations for the CS mode TENG.

Structure component Parameter utilized

Dielectric effective thickness, dy = 3d;/e; 3.676E-5m
Width of Dielectrics, w 7.6223356 cm
Length of Dielectrics, 1 7.6223356 cm
Surface charge density, o 50 uC m ™2
Maximum separation distance, Xmax 2E-6-0.01 m
Velocity, v 1E-4-10m/s

CFT, SEC and CS mode TENG (Fig. 7b-d) and the corresponding equa-
tions are shown in Supplementary Note 5.

Several general conclusions can be extracted from these predictions.
First, the structural FOMCg almost have a similar shape and trend
compared with the FOMg (a correlative formula is given in
Supplementary Note 6, detail FOMg shown in Ref. [41]) under the same
conditions, but the former are lower than the latter as can be seen
clearly from the extracted maximum values shown in Fig. 7e. That's
because the available ES, stored in Cy, is usually smaller than the ideal
E., in a TENGs system per cycle. Second, the charging performance of
TENGs driven by the vertical motion (for instance, the CFT and CS
mode) is better than that of the lateral sliding motion (LS mode). The
main reason for this is that the LS mode TENG has a bigger inherent
capacitance at the same range of X2 when compared to other types of
TENGs [32,41]. Consequently, for a given transferred charges Q, the
larger inherent capacitance leads to a lower ES, making a smaller
FOMC;s under the same x,.x. Physically, the most effective way to do
mechanical work by separating oppositely charged surfaces is to sepa-
rate them in the direction perpendicular to the surface [37]. Finally, the
highest FOMC;s for CFT mode TENG is mainly contributed to its double-
side triboelectric dielectric film, which is helpful to output larger
charges [27]. Instead, the minimum FOMCs occurring in the SEC mode
stems from its single electrode, which limits the total charge transfer
and results in a lower voltage.
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More importantly, we should note that the structural FOMCs of
TENGs are independent of the C;. For instance, increasing C; will in-
crease the maximum stored energy ES, thus resulting in an almost un-
changed FOMC shown in the Fig. S11, S12(d), S13(d), and S14(d). To
further validate the theoretical predictions presented above, experi-
ments were carried out as demonstrated in Fig. S15. It is seen that our
theoretical predictions closely follow the experimental outcomes, pro-
viding evidence regarding the accuracy of the TENG power equation
and the accompanying assumptions. In particular, because the theore-
tical investigations are mainly based on the work done by Niu et al.,
who have demonstrated that their model accurately predicts the char-
ging behaviors of TENGs. Hence, further experiment studies are not
carried out here.

5. Conclusions

A comprehensive study of the structural figure of merits of TENGs
utilized in energy storage systems (the capacitor as the energy storage
unit) is presented based on Maxwell's displacement current, aimed at
establishing a future standard for the charging characteristics of TENGs.
According to the distance-dependent electric field model, the genera-
tion of Maxwell's displacement current and its affecting parameters are
discussed qualitatively and extensively. The I in the dielectric or be-
tween two oppositely charged surfaces is precisely equal to the con-
duction current in the external circuit for continuity.

From this perspective, the stage-by-stage charging process including
unidirectional and periodic mechanical motions are demonstrated, re-
vealing that the transfer of power and energy from a TENG to an ex-
ternal capacitor significantly relays on the load capacitance, charging
cycle numbers, and maximum distance Xpax. It is shown that an op-
timum capacitance exists which matches the inherent capacitance of
TENGs for the maximum peak power and energy stored. Increasing the
charging cycle numbers, the optimum power rapidly increases until a
saturation value and a log linear trend between the maximum stored
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energy and cycle numbers is observed. Finally, through the energy
stored in the final charging cycle (at saturation voltage), the structural
figure of merits in a TENG charging system (FOMCs) are derived sys-
tematically. The analysis can thus be regarded as a standard tool to
assess a TENG's charging performances. This work not only establishes
an in-depth understanding of the nature of the Maxwell displacement
current in a TENG, it also provides an unambiguous evaluation that can
be used to operate TENGs more efficiently in an energy storage system.
(Table 1)
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