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With the increased number of small electronics and demand for their energy source, renewable energy
sources have received much attention. Above all, a triboelectric nanogenerator (TENG) based on the
combination of contact electrification and electrostatic induction has been researched as a method of
converting mechanical energy into electricity. In order to increase the electrical output of TENGs with
raising the surface charge density, a lot of researchers have focused on the fabrication methods to
employ micro-/nano-structures onto a contact surface of the TENG, but have been facing several issues
regarding the degradation of the output performance from the iterative operation process. Hence, it is
highly required to introduce an approach to enhancing the performance of TENG, while minimally
degrading the output power during the long-term operation. In this paper, an air-gap embedded TENG
(AE-TENG), which contains a microstructure on the non-contact surface by means of a sandpaper, is pro-
posed. These small air-gaps between the spin-coated polydimethylsiloxane and the non-contact surface
can significantly boost the total surface charge density of the dielectric layer. Thus, the electrical output
performance of the AE-TENG is enhanced without any surface engineering on the contact surface.
Furthermore, the effect of the air-gap induced surface charges on the electric potential is systematically
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analyzed by not only experimentally electrical outputs, but theoretical and computational modeling based
on the V-Q-x relationship and simulation software tool. This air-gap induced triboelectric effect opens a
new perspective of the development of electrical outputs by providing a structural/theoretical under-

rsc.li/nanoscale standing for TENGs.

ical energy into electricity.®'® The four operation types of
TENGs with vertical contact-separation mode, contact-sliding

1. Introduction

Nowadays, the rapid development of the information techno-
logy and internet of things highly requires a reusable and sus-
tainable power source to drive plenty of small electronics
around us. Energy harvesting devices that can convert the
various types of renewable and green energy sources into an
electrical energy using piezoelectric, photovoltaic, thermoelec-
tric, electromagnetic, and triboelectric effects are great alterna-
tives for the conventional power sources.'™

The triboelectric nanogenerator (TENG) based on the coup-
ling of contact electrification and electrostatic induction has
been attracting tremendous interest among the aforemen-
tioned energy harvesting devices due to the merits of high
power density and conversion efficiency in converting mechan-
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mode, single electrode mode, and freestanding triboelectric-
layer mode allow for the use of any kind of mechanical move-
ments, such as contact-separation, rotation, sliding, and
impact as input sources.''*° This wide applicability of TENGs
allows the fabricated energy harvesting device to expand the
application for self-powered sensor systems, self-powered char-
ging systems, and secondary power sources.?’>® Moreover, it
has been proven that TENGs have advantages in its wide spec-
trum of material selection, facile fabrication process, and eco-
friendly characteristic.

Previous studies have dealt with improving the electrical
output performance of TENGs in order to strengthen its role
as a power source, one of the main applications of TENGs. A
variety of approaches, such as an injection of charges onto the
contact surface, a modulation of dielectric constant of the
contact materials, selection of the materials showing the large
difference of electron affinity, and hybridization with other
energy harvesting technology, were adopted to enhance the
output performance of TENGs.”’*®* Among these various
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approaches, one of the primitive and simple methods of
improving the electrical power of TENGs is the enlargement of
an effective contact surface area using a micro-/nano-structure
employed on the contact surface, which increases the surface
charge density induced by the contact electrification.'*39>*
However, this micro-/nano-structure on the contact layer is
inevitably destroyed and damaged during the basic contact-
separation process of TENGs, which leads to a remarkable
degradation of the output performance during the long-term
operation. Thus, it is greatly required to select an approach for
enhancing the performance of TENGs without degradation of
the output power during long-term operation using simple
and cost-effective methods.

In this study, the performance of the contact-separation
mode TENGs is enhanced by embedding an air-gap at a non-
contact surface of a bottom layer. The Al-coated microstructure
on the non-contact surface is formed by polishing a polyimide
(P1) film with commercial sandpapers with various grit
numbers and depositing a metal layer. After the pre-fabricated
layer is covered with a spin-coating process of the polydi-
methylsiloxane (PDMS), the air-gap can be naturally formed
between the coated dielectric (PDMS) and electrode layers.
Two steps of experiments are designed to systematically evalu-
ate the effect of this air-gap on the electrical output. First, the
effect of the grit number of the sandpapers on the air-gap dis-
tance is investigated. The optimized air-gap distance is discov-
ered by measuring the electrical outputs with changing the
grit number of the sandpaper. Based on this optimization, the
electrical outputs of the air-gap embedded TENG (AE-TENG)
are compared to that of other TENGs of normal TENG, struc-
tured (contact surface-modified) TENG, and structured
AE-TENG (combined structure of the structured TENG and
AE-TENG) to verify the improved surface charge density and
existence of an additional electric field. The role of the air-gap
in the non-contact layer can be proved with theoretical
formula results using the mathematical modeling and calcu-
lation of the electric potential distribution by a simulation
software. Through this cost-effective, less time-consuming,
and easy fabrication process using sandpapers, the structured
AE-TENG can generate electricity with great durability even
after innumerable contact-separation process with establishing
the theoretical perspective for enhancing the electrical output
of TENG.

2. Experimental
2.1. Fabrication of TENG using a sandpaper

The well-known contact-separation mode TENG composed of
two electrodes and a dielectric layer was adopted for establish-
ing the basic structure. In this study, four kinds of the contact-
separation TENG were prepared: normal TENG, structured
TENG, AE-TENG, and structured AE-TENG. At the top part of
the sandpaper polishing-case, the polyimide (PI) film with the
dimension of 4.5 x 5 cm? and thickness of 125 pm served as a
substrate layer. To fabricate the uniform microstructures on
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the contact and non-contact surfaces, the PI film was polished
by a sandpaper with the 12004 grit number, and this polishing
process was achieved with the aid of the lab-made equipment
for the equivalent sanding condition. After that, the remaining
particles attached to the surface of the PI film were completely
removed by ultrasonication process. The electrode layer, which
is composed of Cr (40 nm) and Al (200 nm) deposited layers,
was deposited on the PI film by using a thermal evaporation
system. Al was adopted as a main electrode material due to the
easy availability with the form of a foil or a tape compared to
other metals. With using the adhesion metal layer of Cr, the
electrode layer on the substrate showed high physical stability
through a detaching test employing a commercial transparent
tape. After the tape attaching and detaching test with the Cr/Al
deposited surface, the resistance remained at a small value of
2.6 Q, as shown in Video S1.f As another substrate, a
polytetrafluoroethylene (PTFE) film with the thickness of
100 pm was used to fabricate the four types of TENGs. The
same fabrication process with the PI substrate-case was con-
ducted to fabricate the samples with the PTFE substrate.

Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning)
was selected as the contact dielectric layer that was developed
on the corrugated surface of the bottom electrode because of
the high flexibility and compatibility of the PDMS. First, a
PDMS solution was prepared with mixing the base elastomer
and the curing agent at a mass ratio 10: 1. Then, the solution
was poured on the electrode and subsequently spin-coated at
500 rpm for 10 seconds. The PDMS-coated layer was thermally
cured in the convection oven at 150 °C for 10 minutes.

2.2. Measurement and characterization

The mechanical input force to operate the TENGs was applied
by an electrodynamic shaker (Labworks Inc. ET-139) connected
to a function generator (Keysight 33120A). The function gen-
erator created a square wave signal with varying frequency and
amplitude. The basic electrical outputs, such as the open-
circuit voltage (Voc) and short-circuit current (Isc), were
measured by using a system electrometer (Keithley Model
6514). The microstructure on the polished surfaces, which was
formed by sandpapers, was investigated using a field emission
scanning electron microscope (FE-SEM, Carl Zeiss MERLIN).

3. Results and discussion

Fig. 1a depicts a structured air-gap embedded triboelectric
nanogenerator (AE-TENG) with the direct sandpaper-case com-
posed of top and bottom layers. The structured layer was
derived from the microstructure of a commercially available
sandpaper. The electrode was directly formed on the surface of
the sandpaper by thermal deposition of the metal layer. The
only difference of the composition between the top and
bottom layers is the existence of the polydimethylsiloxane
(PDMS) layer on the electrode layer. Fig. 1b shows the scanning
electron microscope (SEM) image of the surface of the sand-
paper with a 1200# grit number. Also, the surfaces of sandpa-
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Fig. 1 (a) Schematic illustration of the structured air-gap embedded (AE) TENG. (b) SEM image of the sandpaper (1200#) showing the micro-struc-
tured surface. (c) Schematic diagram of the fabrication process, and (d) cross-section of the four types (normal TENG, structured TENG, AE-TENG,

and structured AE-TENG) of TENGs.

pers with other grit numbers ranging from 60# to 20 000# were
confirmed by using SEM, as shown in Fig. S1.7 The commer-
cial sandpaper with the higher grit number represented a
smaller average diameter of particle. The average particle size
of the sandpaper decreased, ranging from 300 pm to 0.4 pm,
as the grit number increased, ranging from 60# to 20 000#, as
shown in Fig. S2.

To investigate the influence of the inherent microstructure
of the sandpaper on the electrical characteristic of the TENG,
four kinds of TENGs with the combination of two types of top
layers and another two types of bottom layers were prepared,
as shown in Fig. 1c. The flat layer was composed of the Al de-
posited polyimide (PI) film substrate, whereas the structured
layer was fabricated by using the Al deposited sandpaper sub-
strates. Additionally, the PDMS layer was coated only on the
bottom layer by using a spin-coater to function as a dielectric
layer. Consequently, the four types of TENGS, i.e., the normal
TENG (normal), structured TENG (top side, TS), AE-TENG
(bottom side, BS), and structured AE-TENG (double side, DS),
were constructed by pairing each fabricated layer shown in
Fig. 1d. In the case of the normal TENG, which consisted of a
flat top layer and flat bottom layer, there was no microstructure
on both layers. On the other hand, the structured TENG and
AE-TENG have microstructures rising from the sandpaper on
the top and bottom surface layers, respectively. The structured

This journal is © The Royal Society of Chemistry 2021

TENG is one of the representative models, which has been
studied in previous papers, to increase the effective contact
surface area by employing the micro-/nano-structure, which
leads to an improvement of the electrical output from the
TENGs.'* However, unlike the structured TENG, the AE-TENG
contains microstructures on the non-contact surface layers,
i.e., bottom electrodes. The inherently formed air-gap layer
between the bottom electrode and PDMS can serve as a dielec-
tric layer. These air-gaps were formed due to the low surface
energy in the non-contact electrode compared to that in the
PDMS layer.>® Lastly, the structured AE-TENG was composed
of a combined structure with the top and bottom layers from
the structured TENG and AE-TENG, respectively. Hence, this
structured AE-TENG contained the microstructure on both
contact and non-contact electrode surfaces.

Fig. 2a and b shows the measured electrical outputs under
three different levels of the input force applied to the four
types of TENGs. Four TENGs were operated in the contact-sep-
aration mode with the weak, middle, and strong force, which
corresponds to 5, 10, and 30 N, respectively. These inputs were
vertically applied by using an electrodynamic shaker under the
same frequency of 3 Hz. With the amplitude of the input force,
the partial or complete contact at the contact surface can be
determined. When applying the lowest input force of 5 N to
each TENG, the open-circuit voltage (Voc) and short-circuit
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(a) The open-circuit voltage (Voc) and (b) short-circuit current (Isc) of the four types of TENGs. (c) The measured thickness of the air-gap

and (d) Voc with various grit numbers of commercial sandpapers. (e) The scanning electron microscope (SEM) images for the cross-section showing
an air-gap between the dielectric layer and metal layer with various grit numbers of commercial sandpapers ranging from 600#, 1200#, 5000#, and

20 000#.

current (Isc) of the AE-TENG showed the highest values, fol-
lowed by those of the structured AE-TENG, normal TENG, and
structured TENG in order. With this lowest input force, the air-
gap of the non-contact surface was repeatedly pressed, whereas
the partial contact occurred at the contact surface. It is note-
worthy that the AE-TENG and structured AE-TENG, which both
inherently contain the air-gap between the dielectric layer and
electrode layer, showed higher electrical outputs than the
normal TENG and structured TENG without the air-gap. In
addition, the incomplete contact at the contact surface of the
structured TENG reduced the effective contact area, and lower
electrical outputs were produced compared to that of the
normal TENG. By the same reason, the electrical outputs of
the structured AE-TENG were lower than those of the
AE-TENG.

After increasing the applied force, as shown in Fig. 2a and b,
the order of the electrical outputs with different TENGs was
changed. The structured AE-TENG represented the highest elec-
trical outputs, followed by the AE-TENG, structured TENG, and
normal TENG in descending order. As the applied force was
increased, the complete contact-separation process was induced
at the contact surface located between the structured top layer
and PDMS layer. Therefore, the structured TENG generated
higher outputs than the normal TENG, and the structured
AE-TENG also produced higher outputs than the AE-TENG.

As shown in Fig. 2c, the air-gap distance in the non-contact
layer was checked with different grit numbers of the sandpa-
pers. The thinner air-gap is caused by the stronger adhesion
between the PDMS and Al-coated sandpaper layers, and this
bonding is stronger with enlarging flat surface area of the
sandpapers. For example, the sandpaper with the higher grit
number composed of the smaller size of the particle and
mainly consisted of the flat surface can easily maintain the
bonding state with the PDMS layer. Therefore, the air-gap dis-

8840 | Nanoscale, 2021,13, 8837-8847

tance with the 20000# grit number sandpaper was signifi-
cantly reduced compared to that of the 1200# grit number
sandpaper. However, even at lower grit number sandpaper,
there was a limitation in increasing the air-gap distance due to
the lower distribution density of the particles. As shown in
Fig. S1,T as the grit number of the sandpaper decreased, the
density of the particles also decreased with significantly
extending the flat surface area of the sandpaper. As a result,
with a similar mechanism to the formation of the air-gap at
the high grit number sandpaper, the adhesive area between
the sandpaper and PDMS layer was widened, leading to a
decrease in the air-gap distance. In other words, the sandpaper
with high grit number can be considered as a flat surface and
the air-gap distance was decreased. Therefore, from these two
results, an optimum point of forming the highest air-gap dis-
tance was found in the 1200# sandpaper.

The existence of the air-gap between the PDMS layer and
micro-structured electrode layer can be confirmed by the cross-
sectional SEM images of each bottom layer with different grit
numbers of sandpapers, as shown in Fig. 2e. Additionally, the
air-gap distances and measured open-circuit voltages with
various grit numbers of sandpapers were verified in Fig. 2c
and d, respectively. The AE-TENG with the higher air-gap dis-
tance can generate the larger open-circuit voltage by matching
these two measured results. Then, it can be considered that
the higher air-gap distance could enhance the accumulated tri-
boelectric charges underneath the PDMS layer, resulting in
higher electric potential difference between the top and
bottom electrodes. Compared with the output voltage values of
the 600# and 2000# cases, the higher output voltage was
measured in the 2000# case, even though the air-gap distance
is similar. This result appeared with the larger full contact
area using the 2000# sandpaper due to the smaller particle
size compared to the 600# sandpaper.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Illustrated schematics of the fabrication process for the structured layer by using chemical mechanical polishing. (b) Digital photographs
of the Al-coated flat and structured layer. The SEM images of the top-view and cross-section of (c) the flat layer and (d) structured layer.

As shown in Fig. 2, the enhanced electrical output of the
AE-TENG is attributed to the existence of the air-gap formed
between the PDMS and Al-coated sandpaper. However, the
random structures of the sandpapers formed by different
sizes of particles can disturb the quantitative analysis. A
uniform and more physically stable artificial structure needs
to be formed as a structured layer. Accordingly, as shown in
Fig. 3a, a sandpaper polishing-case was adopted to conduct a
reliable quantitative analysis. A PI film was adopted as a
polymer-based substrate layer, which is able to be scratched
by the sandpaper, but shows a flat and rigid characteristic.
This PI film was polished with the 1200# sandpaper to create
the uniformly structured layer. A lab-made equipment was
used to rotate the sandpaper layer at a high speed, and the PI
film was placed on the sandpaper layer with the application
of a constant pressure for the homogeneous polishing. After
this polishing process, the structured PI film was ultrasoni-
cated to remove the residues caused by the sandpaper, and
the 40 nm of Cr and 200 nm of Al layers were deposited on
the PI film by using the thermal evaporation system. For fab-
ricating the dielectric layer for the TENG, a PDMS layer was
also coated. The optical image and the surface and cross-sec-
tional SEM images of the fabricated flat and structured layers
are shown in Fig. 3b-d. On the surface of the structured layer,
the scratched lines can be discovered, while no surface struc-
ture was observed for the flat layer in the optical image and
top view SEM images. The width of the scratched lines
created on the PI film was maintained at nearly 50 um, since
the average size of particle of the 1200# sandpaper is 50 pm,
as represented in Fig. S2.1 The air-gap existing in the struc-
tured layer is shown in the cross-sectional side view in

This journal is © The Royal Society of Chemistry 2021

Fig. 3d, which is contrary to that of the flat sample shown in
Fig. 3c.

Generally, the fundamental mechanism of the TENG for gen-
erating electrical energy is based on the conjunction of the tri-
boelectric effect, and electrostatic induction from the contact-
separation process between the top and bottom layers. Because
of the different triboelectric properties of the top Al layer and
bottom PDMS layer, the triboelectric charge and potential
difference are induced at the contact surfaces and two electro-
des, respectively during the contact-separation motion.

Fig. 4a shows the schematic models to demonstrate a
theoretical study for the normal and the AE-TENG. The simpli-
fied V-Q-x relationship for the contact-mode TENGs was
adopted in this study; V is the potential difference between the
two electrodes, Q is the amount of the transferred charge, and
x is the separation distance between the two triboelectric
charged layers.>*™> Assuming that the electrons on the metal
are uniformly delocalized over the metal surface, the electric
fields at the dielectric layer and the air derived by Poisson’s
equation are as follows:

Inside the dielectric:

E, = _ Q@ (1)
Sepér 3S¢gy
Inside the air:
Q1
) + UPDMS(t) Q1 oppms(t)
By =—S———— = L TOMSE) (2)
=) 580 &

Here, S is the area of the metal layers, and the
relative permittivity of the PDMS is 3. Based on the simpli-
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Fig. 4 (a) Schematic diagram describing the theoretical modeling for normal TENG and AE-TENG. (b) The amount of transferred charges (Qy), (c)
open-circuit voltage (Voc), and (d) short-circuit current (Isc) of the four types of TENGs at a vibration frequency of 3 Hz and an applied force of 30
N. (e) The visualization of the electric potential distribution of the four types of TENGs simulated by using a simulation software.

fied V-Q-x relationship, V,orm can be derived as the follow-
ing equation.

Vhorm = E1 dl + EairX

o Qudi Qs oppms (i)
T RAY- B T%x(t) + 0] (t) (3)
Q1 (dy oppms(2)
" Se, <?+x(t)) +T -x(2)
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However, in the case of the AE-TENG, a parameter for the
air-gap layer should be considered. Hence, an equation related
to the additional electric field is added in the following
equations.

Inside the dielectric:

Q = &

E) = — =
Seoér 3Seq

This journal is © The Royal Society of Chemistry 2021
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Inside the air:

Q>  oppms(?)
Eap = — X2  ZPDMS1) 5
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Inside the air-gap:

& + O'air»gap(t) (6)

E.i. = —
air-gap Seo o

Due to its inherently formed microstructure of the sand-
paper, the AE-TENG can generate a larger amount of the trans-
ferred charge than the normal TENG. Therefore, the value of
Q, is higher than Q. Subsequently, the potential difference
(Vag) can be given by the following equation.

Vag = Eydy + EgirX + Eair-gapXair-gap

_ Qdy oppms () Gairgap(t) .
= 3se Se x(t) + o x(t) + o Xair-gap (£)
Qy (dy oppms(t) Gairgap(t)
& (Zra) + 2l g ezl
(7)

As a result, the AE-TENG can produce a higher potential
difference between the electrodes than that of the normal
TENG because of the air-gap induced triboelectric effect in the
AE-TENG. It should be noted that this air-gap induced tribo-
electric effect can generate the additional electric field, which
shows the same direction with the originally existing electric
field between the top and bottom layers. Hence, this
additional electric field enables the electrical output of the
AE-TENG to be further enhanced. It could be considered that
the induced charges in the air-gap were created by the repeated
cycle of the existence and absence of the air-gap in the non-
contact layer with the following operation procedure. (1) When
a mechanical input is applied, the top layer approaches the
bottom layer, including the PDMS layer and bottom electrode.
(2) After a contact between the top layer and the bottom layer,
the air-gap between the dielectric layer and the bottom elec-
trode disappears simultaneously. (3) Subsequently, the follow-
ing separation allows the air-gap between the dielectric layer
and bottom electrode to be restored. In other words, repeating
the contact-separation process in the non-contact layer allows
for surface charges to be increasingly accumulated on the
surface inside the air-gap, enabling the increase in the electri-
cal output of the AE-TENG.

To quantitatively compare the electrical performances
among the four types of TENGs, the basic output character-
istics, which include the amount of transferred charges (Qy),
the open-circuit voltage (Voc), and the short-circuit current
(Isc), were measured from the four fabricated TENGs under
the same applied force of 30 N and vibration frequency of
3 Hz, as shown in Fig. 4b-d, respectively. The structured
AE-TENG generated the highest outputs of 111.1 nC, 59.2 V,
and 4.54 pA. Otherwise, the normal TENG exhibited the lowest
value of 60.4 nC, 24.4 V, and 1.3 pA. Also, the structured TENG
showed 71.2 nC, 34.2 V, 2.08 pA, and AE-TENG generated the
electrical outputs of 92 nC, 45.2 V, 4.03 pA.

This journal is © The Royal Society of Chemistry 2021
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The electrical outputs were highly influenced by the pres-
ence of the structured layer accompanying by the air-gap
created by the sandpaper. The structured TENG is one of the
representative models that contains an enhanced surface area
by modifying the contact surface. Herein, the effective contact
area was enlarged by using the top layer with the polished and
Al-coated electrode. Therefore, the triboelectric charges can be
accumulated more on the contact surface, which not only
leads to the formation of a higher electric potential difference
between the two electrodes, but allows for a larger amount of
current to flow than that from the normal TENG. In the case of
the AE-TENG, the electrical outputs were enhanced relative to
that of the normal TENG, as described with the V,x equation
above. In comparison with the structured TENG, the AE-TENG
showed an increased charge output (Q), as shown in Fig. 4b.
This result implied that the added number of accumulated
charges at the air-gap in the AE-TENG is higher than the
number of accumulated charge at the contact surface of the
structured TENG. Therefore, the Voc and Isc showed higher
outputs in the AE-TENG compared to the structured TENG
with the same trend of Q. in Fig. 4c and d, respectively. The
structured AE-TENG with the combined structure of the struc-
tured TENG and AE-TENG generated the enhanced triboelec-
tric charges on the structured surface of the top layer, as well
as the air-gap induced triboelectric effect. The structured
AE-TENG produced the highest electrical outputs among the
suggested four kinds of TENGs.

To verify the electric potential distribution of the four types
of TENGs, the finite element method (FEM) simulation tool
(COMSOL Multiphysics) was used for visualizing the analytical
modeling results. As shown in Fig. 4e, the results from the
simulation also confirmed that the same tendency of the elec-
tric potential distribution with the measured electrical outputs
was displayed by changing the type of TENGs. It is noteworthy
that the structured AE-TENG generated the largest electric
potential difference between two electrodes.

In addition, the output voltage, current, and power density
of the four types of TENGs with different load resistances
ranging from 100 Q to 4 GQ were investigated, and the results
are shown in Fig. 5a and b. By Ohm’s law, the output current
was decreased as the load resistance increased, whereas the
output voltage showed the opposite tendency to the output
current, as shown in Fig. 5a. Additionally, the output power
was calculated by the equation P = V*R. V and R are the
measured output voltage and load resistance, respectively. The
power density value was attained by dividing the output power
with the contact area of 22.5 cm®. Among the four types of
TENGS, the structured AE-TENG generated the largest output
power of 181 pW at 10 MQ, indicating the input resistance of
this nanogenerator. The structured AE-TENG also showed the
faster and higher charging ability, as shown in Fig. 5c. The
electrical outputs from the four types of TENGs were rectified
and charged to a 0.1 pF capacitor. To reach the voltage of the
capacitor to 10 V, the charging times by using the normal
TENG, structured TENG, AE-TENG, and structured AE-TENG
were measured at 27, 18, 11, and 9 seconds, respectively. It is
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Fig. 5 (a) The output voltage, output current, and (b) power density of the four types of TENGs with different load resistances ranging from 100 Q
to 0.4 GQ. (c) The output voltage of the 0.1 pF commercial capacitor charged by the four types of TENGs. (d) Comparison of the open-circuit
voltage (Voc) of the Cu and Zn-based four types of TENG. (e) The open-circuit voltage (Voc) of the structured AE-TENG under the different applied
forces ranging from 5 N to 30 N. (f) The long-term durability test of the structured AE-TENG for seven days.

noteworthy that the structured AE-TENG represented not only Fig. 5d displays the Vo of the four types of TENGs with
the outstanding electrical output performance, but the distin- different metal electrodes, such as Zn or Cu. The tendency of
guished charging characteristic among other types of TENGs. the peak intensity from the four types of TENGs was main-
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tained with changing the electrode material with the Zn and
Cu electrodes in Fig. 5d, and even with the Al electrode in
Fig. 4c. The Vo of the TENGs with the Cu electrode showed
higher value than the TENGs with the Zn electrode consist-
ently due to the higher conductivity of the Cu compared to
that of the Zn. With changing the substrate from the PI film to
the PTFE film, the electrical outputs were also checked and
showed an increasing tendency in the order of the normal
TENG, structured TENG, AE-TENG, and structured AE-TENG,
regardless of the two input forces in Fig. S3.f These outputs
showed consistency in the same increasing trend with this
order when using different electrodes and substrates. When
comparing with the electrical outputs using the PTFE or PI
substrates, the PTFE substrate-case generated higher electrical
outputs than that of the PI substrate-case. The electrical
outputs from the TENG are proportional to the contact surface
area. The PTFE substrate-case with the lower Young’s modulus
of 0.54 GPa can enlarge the contact area with the PDMS layer
than the PI substrate-case with the higher Young’s modulus of
2.5 GPa.>®”” In fabricating the AE-TENG, a trade-off relation
needs to be considered in selecting the substrate material with
the rigid and self-sustaining PI film, or the soft and high-
output PTFE film.

Fig. 5e shows the Vo with varying the applied forces from 5
N to 30 N at the structure AE-TENG. By escalating the input
forces, the peak-to-peak values of the Vo were also increased
by virtue of the enlarged effective contact area. As previously
mentioned in Fig. 3a and b, the applied force is highly related
to the triboelectric effect. The strongly applied force can lead
to the full contact-separation process in the non-contact layer,
as well as the contact layer.

To confirm the output durability and reliability of the
structured AE-TENG, this fabricated device was operated
under the repeated vertical 3 Hz-input, as shown in Fig. 5f.
The Voc of the structured AE-TENG was measured for seven
days with the applied force of 30 N. The structured AE-TENG
showed noticeable durability under high stimuli during this
long-term operation. Even after going through the 11700
cycles of the contact-separation process, the Voc of the struc-
tured AE-TENG only decreased to 98.5% compared to the
initial state. The intermittent operating test was also con-
ducted with a period of 21 days. The electrical output was
consistent during this period, as shown in Fig. S4.7 This
durability test represented the stable state of the TENG device
after the mechanical deformation. It is notable that the test
result could have resulted from the air-gap structure in the
structured AE-TENG. For the reason that the air-gap between
the dielectric layer and the metal layer prevented the abrasion
of the contact layers from the external force, the electrical
output could be maintained by the minimally damaged struc-
ture from the retained gap distance before and after the stabi-
lity test in Fig. S5.1 By adopting the air-gap existing structure
to the vertical contact-separation TENG, not only the
enhanced surface charge density, but also the structural pro-
tection ability can be achieved in comparison to the conven-
tional TENG without the air-gap.
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4. Conclusions

In summary, the air-gap embedded triboelectric nanogenera-
tor, which effectively enhanced the electrical output from the
triboelectric nanogenerator, was demonstrated with its
additional electric field at the non-contact region arisen from
the inherent air-gap between the dielectric layer and the elec-
trode layer by using commercial sandpapers. The existence of
the air-gap was verified using SEM images with the cross-sec-
tional view. The four types of TENGs (normal TENG, structured
TENG, AE-TENG, and structured AE-TENG) were systematically
investigated with the aid of the theoretical model and
measured electrical output characteristics. In the case of the
structured TENG, the microstructured surface was fabricated
on the top electrode, whereas the microstructure of the
AE-TENG was fabricated on the bottom electrode. Lastly, the
structured AE-TENG contained the modified structure layer on
both top and bottom layers from the structured TENG and
AE-TENG, respectively. The effect of the air-gap induced tribo-
electric effect was demonstrated by theoretical and compu-
tational modeling based on the V-Q-x relationship and soft-
ware simulation. Through the electrical output measurement,
the AE-TENG generated an enhanced power density with
156.8 W cm 2, which was increased approximately four-fold
compared to the power density from other TENGs of the
normal (33.8 pW cm™?) or structured TENG (44.1 pW cm™2).
The improved surface charge density and existence of an
additional electric field enhanced the electrical output power
of the AE-TENG. In addition, the structured AE-TENG, which
has the combined structure of the structured TENG and
AE-TENG, generated the highest electrical power of 204 pW
em™2. The increased dimension of the effective contact area
induced a greater charge flow through the external load and
more surface charges on the TENG-contact surface.
Consequently, the enhancement of the electrical outputs was
due to the effect of a microstructure formed on the non-
contact and contact surfaces. The reason for the higher electri-
cal outputs of the AE-TENG compared to the normal TENG
and structured TENG was the presence of the air-gap, which
caused an additional triboelectric effect at the non-contact
layer in the bottom layer of the AE-TENG. This approach using
an air-gap of the non-contact layer for improving the electrical
performance of the contact-separation mode TENGs can be
expected to contribute to the structural development of the
TENG research, even during the long-time operation with this
simple, cost-effective, and less time-consuming surface modifi-
cation method.
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