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ABSTRACT: The demand for clean-energy collection has gradually increased in N .
recent years, making triboelectric nanogenerators a promising research field, 5 croupwithout Dot i
because of their advantages in convenient manufacturing, diversified materials, i :

! H
indicate that charge decay, a major limiting factor in the triboelectric output,

Before injectio

and diverse synthesis and modification possibilities. However, recent studies
prevents the induced charge from combining with the bottom electrode, leading
to charge loss. The use of charge-trapping sites to retain the induced charge
generated during the friction process is an important solution in the field of
triboelectric nanogenerator research. This study proposes the use of an elastic ink
with macroscopic magnetism as trapping sites by coating the ink as dots between
the polytetrafluoroethylene (PTFE) dielectric layer and the electrode layer.
Nickel particles in the magnetic ink are doped into the system as microcapacitors, wmagneticootinduced charge trapping property © Ou;:ut V:’(ag:v) =
which prevent the combination of the friction layer and induced charges on the

back electrode. Because the nickel itself can be used as a charge-potential trap to capture the charge introduced by the charge-
injection process, the charge can be maintained for a long time and achieve a long-term high-output state. The output voltage was
more than 6 times that of the reference group without the magnetic-ink coating after 3 h. The results provide a reference direction
for research on preventing charge decay and trapping charges in triboelectric nanogenerators.
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B INTRODUCTION area, and dopin§ particles with trapping properties in the

friction layer.”'" The printing process and the all-printed
TENG have also been developed to improve the output
performance.'> However, these methods involve complex
manufacturing processes. Thus, developing methods to easily
and quickly enhance the trapping properties of TENGs is
necessary to maintain a high output performance for a long
time.

The introduction of magnetic substances such as nickel into
the manufacturing process of the friction layer of TENGs has
been reported in the literature,'”'” while the hysteretic
behavior of contact force response in triboelectric nano-
generator has been reported as an earliest related study.'®
However, the previous magnetic body was used as a
macroauxiliary body to drive the TENG to complete its
friction motion. Alternatively, it could be regarded as a large
capacitor with multiple microcapacitors combined in parallel
and series when the magnetic-metal material is introduced into

Owing to the increasingly significant greenhouse effect and
various environmental problems caused by traditional fossil-
fuel energy sources, the collection of clean energy has received
increasing attention.' > As a solution for clean energy,
triboelectricity has gradually become a promising research
field for converting electricity using the charged electrostatic-
induction coupling effect. Owing to their simple structure,
flexible and diverse materials, and low cost, triboelectric
nanogenerators (TENG) are widely used in biosensing,
artificial intelligence, and power supply for small equipment.”>
The surface-charge density is positively correlated with the
output of a TENG and the charge decay induced by the
combination process directly leads to a lower output efficiency,
thereby limiting its application.’ To improve the charge
density, recent studies have proposed doping particles with a
high dielectric constant, increasing the frictional contact area,
and charge injection.” '’ Charge injection can significantly
increase the charge density in a short time; however, the
injected charge is still lost by being combined with the charge
of the back electrode.'' The charge injected onto the surface is
naturally lost to the air because of the lack of trapping sites.'”
Previous studies have maintained charge by increasing the
number of trapping sites through chemical modification,
adding complex internal structures to increase the trapping

Received: September 27, 2023
Revised:  December 22, 2023
Accepted: December 29, 2023
Published: January 10, 2024

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c07460

v ACS Publications 3565 ACS Omega 2024, 9, 3565-3573


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingzhe+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiwoo+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seunghye+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jong-Jin+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihyun+Bae"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c07460&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07460?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07460?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07460?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07460?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07460?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c07460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

b

Figure 1. (a) Schematic of the structure of PTFE—magnetic droplets—electrode. (b) Schematic of the charge injection process and the trapping
effect of magnetic droplets. (c) Photograph of the PTFE—magnetic dot—electrode and nylon—magnetic dot—electrode.

the friction layer in the form of fine particles using its own high
capacitance. This enhances the capacitance of the TENG,
thereby increasing the maximum charge it can hold and
improving the output performance.'” No previous reports have
investigated magnetic substances as charge-trapping sites and
their insertion between the friction layer and the electrode as a
trapping layer. Thus, developing a simple magnetic-trapping
layer for TENG devices is necessary. The introduction of the
trapping properties of the TENG device should be researched
by adding a magnetic substance to maintain a high equilibrium
surface charge for a long time.

In this study, magnetic ink was used as the trapping site, and
the simple method of adding a trapping layer between the
friction layer and the electrode was developed to maintain a
high-output state for a long time. Elastomer ink droplets
containing magnetic nickel were coated on the back of the
dielectric layer of polytetrafluoroethylene (PTFE) and nylon
films. After drying, half spheres (approximately 0.5 X 0.5 mm)
were formed, which served as trapping sites for preserving the
surface charge introduced by the charge-injection process. The
number of spheres was 4 X 4, 6 X 6, and 8 X 8. Four
structures—nylon—PTFE (N-P) (reference group), nylon and
magnetic particle—PTFE (NM-P), nylon—PTFE and magnetic
particle (N-PM), and nylon, magnetic particle—PTFE and
magnetic particle (NM-PM)—were measured to investigate
the differences in the trapping properties of positive/negative
materials. After the charge-injection process, the N-PM group
showed the highest output voltage and trapping properties
compared with the basic control group, N-P. Even after 3 h, it
maintained 58% of the output voltage after injection, indicating
good trapping performance. Finally, the TENG was used as a
general sensor to detect human-movement behavior, which
demonstrated the application significance of the display. In this
study, a simple and fast method is proposed to enhance the
properties of TENGs, which provides a feasible reference for
the development of TENG devices that maintain high-
performance output for a long time.

B EXPERIMENTAL SECTION

Materials. PTFE tape (thickness 0.08 t) was purchased
from Nitto (Japan). Nylon-11 was purchased from ARKEMA
(South Korea). Formic acid (99%) and dichloromethane were
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purchased from Daejung (South Korea). Magnetic elastomer
ink (lot no. 220608-HUNIV) was purchased from Magron
(South Korea) (the size of magnetic particles is about 3.5—6
um, as shown in Figure S1). The conductive fabric used as the
electrode (with a back adhesive layer) was purchased from A-
jin Electro Company.

Nylon Film Casting Process. First, a mixture of nylon-11
pellets (3 g), formic acid (13.5 g), and dichloromethane (13.5
g) was stirred at 400 rpm and 25 °C in a 100 mL beaker for 2 h
to completely dissolve the nylon-11 pellets. The film was
obtained by pouring the mixture onto a glass plate and pushing
it with a doctor blade set to 100 gm. The film was then dried
in an oven at 60 °C for 4 h.

Magnetic Ink Droplets Casting Process. Magnetic ink
droplets were placed on the back of the dielectric layer with an
eyedropper, heated in an oven at 60 °C for 12 h, and
completely dried. After drying, all of the solvent contained in
the ink evaporates, and the polymer elastomer acts as a binder
to firmly wrap the magnetic particles and fix them on the back
of the dielectric layer.

Assemble of TENG Device. The nylon-11 film gained
from the casting process is cut to 4 X 4 cm? and the PTFE
tape is also cut to 4 X 4 cm® The textile electrode is attached
to the dielectric layer with the back adhesive layer.

Charge Injection Process. Charge injection was per-
formed using a high voltage injection device (Chargemaster
VCMBP30) with an output voltage range of —30 to +30 kV,
the distance of the needle of the injection device and the film is
about 1 c¢m, and injection time is fixed at 3 min.

Characterization and Measurement. The compression
pressure was measured using a push—pull gauge (RZ-S0,
ALKOH, Japan), and the frequency was tested while
controlling the speed of the periodic repetitive motion of a
self-made compressing/releasing machine that was used in
previous studies. The external force at this time was 20 N, and
a frequency of 2.5 Hz was measured. Open-circuit voltages
were measured using a digital phosphor oscilloscope
(DPO2012B) with an internal resistance of 1 MQ.

B RESULTS AND DISCUSSION

Nylonll, obtained by the casting method, was used as the
positive triboelectric material, and commercially available
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Figure 2. (a) Working mechanism of the magnetic particle contained TENG. (b) Trapping mechanism of the trapping effect induced by the

magnetic particles.

PTFE tape was used as the negative triboelectric material to
assemble the TENG. Magnetic ink purchased from the
MAGRON company was directly deposited on the surfaces
of the nylon and PTFE films using a dropper. The dropped
viscoelastic polymer ink contained metallic nickel particles. As
a viscoelastic polymer falls naturally under gravity, flat droplets
form on the film surface. After the polymer was dried at high
temperatures, the fabricated electrodes were affixed to the back
of the film and assembled. First, a variable design was used for
the number of magnetic droplets as follows: 4 (horizontal) X 4
(vertical), 6 X 6, and 8 X 8 dots. This was used to determine
the influence of the number of magnets on the output voltage
and trapping performance after charge injection (as shown in
Figures S2 and S3, the pictures of the push—pull gauge and
injection device are attached).

To investigate the difference in the trapping properties of
the positive and negative materials after the addition of
magnetic particles, the output voltages of the N-P, NM-P, N-
PM, and NM-PM structures were measured.

An overview of the experiment is shown in Figure 1 (Figure
lc was taken by one of the authors). Figure la shows a
conceptual diagram of the TENG structure, where the magnet
wrapped with a viscoelastic polymer forms a flat droplet shape.
This caused a certain height difference to the surface of the
friction layer, which can be regarded as an increase in
roughness.'® In the charge-injection process shown in Figure
1b, a high voltage was applied to the tip of a needle and a
strong electric field was generated when the back electrode was
grounded. The molecules in the air are ionized, which acquire
positive or negative charges and move toward the film.”* The
charged ions were trapped on the surface of the film,
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significantly increasing the surface-charge density of the
friction layer.”' Owing to the properties of the magnetic
polymer elastomer itself, it compressed to a certain extent
under pressure; thus, the contact area increased when certain
magnetic particles are added. However, if the magnetic particle
droplets are over the certain amount, the air will fill the space
between the friction layer and the electrode on the back,
reducing the overall dielectric constant and capacitance level,
also, because of the thickness of the droplets themselves, when
the number of droplets increases, leading to an overall thicker
structure, eq 1 shows that the surface charge density gradually
decreases.”” Figure lc shows a photograph of the TENG
structure. The left side shows PTFE coated with magnetic
droplets, and the right side shows a nylon film coated with
magnetic droplets. Nylon is relatively brittle; thus, after the
back is coated with liquid droplets, damage inevitably occurs
during friction, which also affects the output performance.
o= €o&: Vi

d (1)

where ¢ is the surface charge density, &, is the vacuum
dielectric constant, ¢, is the relative dielectric constant of the
friction layer, V; is the triboelectric voltage, and d is the
thickness of the dielectric layer.

The operating mechanism of the TENG is illustrated in
Figure 2a. The frictional charge generated by a TENG is
typically attributed to coupled triboelectrification and electro-
static-induction effects. When the nylon and PTFE films were
in full contact with each other, the charge on the nylon surface
moved to the PTFE because its Fermi level was considerably
higher than that of the PTFE. This resulted in a negative
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charge on the PTFE and a positive charge on the nylon surface.
When the two friction layers were separated to produce an
interval, the back electrode produced opposite charges induced
by the charge on the friction layer owing to the electrostatic-
induction effect. Electrons flowed from the PTFE-side
electrode to the nylon-side electrode, which provided a
negative charge, whereas the PTFE back electrode provided
a positive charge. When the charge reached equilibrium, PTFE
and nylon were completely separated. When pressure was
applied again to bring the nylon and PTFE into contact, a
reverse current flowed from the PTFE-side electrode to the
nylon-side electrode. When the TENG contacts separated, the
device alternately generated current owing to the coupling of
the contact-charged cation and electrostatic induction.”
Figure 2b shows a schematic of the trapping properties of
the devices containing magnetic particles compared with the
reference group. The top friction layer caused charge flow,
which produced a surface charge owing to contact. Owing to
the characteristics of magnetic particles and dielectric
polymers, the particles can act as a trapping site for free
electrons and generate dipoles near themselves. This increased
the surface-charge density and the flow of electrons through
the external circuit, thereby enhancing the electrical-output
characteristics.

Figure 3 depicts the trapping role played by the magnetic
dots in the TENG structure in more detail. The TENG models
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Figure 3. Charge transport and trapping mechanisms with/without
magnetic particles.

with and without magnetic particles were further explained to
describe the practical effect of the trapping properties on the
voltage output. When the friction layers were in contact with
each other, the surface charge generated by the contact process
induced an opposite charge on the bottom electrode. In
addition to the natural dissipation of charge in air, the back-
electrode-induced charge also decreased the surface-charge
density. When magnetic particles provide trapping sites, they
effectively capture free electrons and prevent them from
binding to the induced charge on the electrode, thereby
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preventing charge loss. In the process of charge injection, the
magnetic particles acting as trapping sites can effectively
capture the injected charge compared to the reference group
without a trapping layer. Increasing the amount of captured
charge can directly increase the surface-charge density and
prevent it from combining with the charge on the electrode to
avoid charge loss. After injection, the charge will inevitably
dissipate into the air, resulting in loss. In this process, the
surface charge continues to combine with the induced charge
at the bottom electrode; thus, the charge level almost returns
to its original level before injection after a few hours, resulting
in a low output voltage. Because samples containing trapping
sites effectively capture charges, they can slow the dissipation
of charges to the air to a certain extent and block the
combination of the surface and induced charges on the back
electrode, thereby maintaining a high-voltage output after a few
hours.”*

Figure 4a shows the output voltage of the nylon dielectric
layer coated with magnetic particles at the bottom (NM-P
4,6 X 6, and 8 X 8 dots of the NM-P groups, respectively (the
output voltages of the TENG under different injection
conditions are shown in Figures S4—S6 for 4 X 4, 6 X 6,
and 8 X 8 dots, respectively). Notably, as shown in Figure 1c,
nylon itself has brittle mechanical properties, and when
relatively hard magnetic particles are added to the back side,
the part close to the particles will incur damage during friction,
thereby affecting the overall output voltage. In addition, nylon
has poor trapping properties, and previous studies have
indicated that the surface-charging performance of nylon
after charge injection is worse than that of PTFE.” After
injecting a voltage of +7 kV, little difference was observed
between the 4 X 4 dot combination, 6 X 6 dot group, and the
reference group, while the 8 X 8 dot group showed the lowest
output voltage. This may be because the increase in the overall
particle number inevitably caused air to fill the space between
the friction layer and the electrode on the back, and the
breakdown effect reduced the overall dielectric constant and
capacitance level.*® In addition, the excessive increase in the
overall thickness of the TENG is a factor that cannot be
ignored. As mentioned, an excessively strong magnetic field
leads to the penetration of the electric field, which has a more
adverse effect on the voltage output.”””® However, after
undergoing charge injection, the three groups of samples
containing magnetic particles showed better trapping proper-
ties than the reference group in 4000 friction cycles and
retained a high-output state for a relatively long time. However,
even with the addition of magnetic particles, the injection
charge on the nylon surface could not maintain a high output
state for a long time, and the 8 X 8 dots group showed the best
trapping performance of 63% after 5000 friction cycles (63 V
decayed to 40 V).

The next measurement was of the NM-PM structure, as
show the 4 X 4, 6 X 6, and 8 X 8 dots of the NM-PM groups,
respectively. In this experiment, charge injections of +7 and —7
kV were performed on the surfaces of the positive and negative
friction layers, respectively, and the friction experiment was
conducted for 5000 consecutive cycles. The results showed
that the output performance of the reference group without
magnetic particles was superior. This result can be attributed to
the obvious disadvantage of this structure: the positive and
negative friction layers contain magnetic particle droplets
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Summary graph of the 4 samples to compare the output performance.

simultaneously, and this part has an extra height. In this case,
only the raised part of the magnetic particle droplets will
experience friction, where the contact area changed to
magnetic particle droplets, magnetic particle droplets from
magnetic particle droplets opposite film, greatly reducing the
friction contact area; also when the magnetic particle droplets
are added on both sides at the same time, the thickness of the
overall TENG will inevitably increase, which will also adversely
affect the output voltage. However, its output performance
continued to decline by approximately 10% (from 201 to 179
V) after 4000 cycles of friction. As more particles were
introduced, the trapping property exhibited an increasing
trend, and the output voltage of the 8 X 8 dot group was
almost the same (reduced from —54 to —53 V) after the same
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5000 cycles of friction. Although the overall output voltages of
all groups with trapping layers were lower than those of the
reference group, an increase in the trapping properties could be
verified.

Finally, the N-PM structure was analyzed; Figure 6(i) shows
8 dots of the N-PM groups, respectively. According to previous
studies, PTFE has good trapping properties and can maintain a
high surface charge for a certain period without the addition of
trapping layers. The test results showed that when compared
to the reference group, the output voltage increased but later
declined as the number of magnetic particles increased. We
estimated that the reason for the decrease in the output voltage
in the 8 X 8 dot group was the same as that in the NM-P
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Figure 6. (a) Measurement data of the (i) N-P and (ii—iv) N-PM TENG (measured by cycles). (b) Summary graph of the 4 samples to compare
the output performance. (c) Measurement data of the (i) N-P and (ii—iv) N-PM TENG (measured by hours). (d) Schematic of the N-PM TENG.
(e) Summary graph of the 4 samples to compare the output performance (measured by hours).

group. As shown in Figure 6ab, the 4 X 4 dot group
demonstrated a high output voltage of 280 V after charge
injection, 1.4 times that of the reference group of 200 V.
Additionally, it maintained nearly the same output voltage after
5000 friction cycles, demonstrating high output performance
over a long period. Figure 6¢,e shows the voltage test results
measured once every hour without continuous friction. The
reason for applying this measurement is that in a state of
continuous friction, new surface charges are constantly
generated owing to electrostatic-induction effects; therefore,
observing the phenomenon of charge decay is difficult [as
shown in Figure 6a(i), even after 4000 cycles of friction, the
charge is only reduced by 10%]. To better observe the charge-
decay phenomenon, the test time was set to once every hour.
The test results showed that the output voltage of the sample
without a trapping layer rapidly decreased by 75% (from 164
to 46 V) after 1 h of injection and almost decreased to its
original value before injection after 3 h of injection (28 V).
With an increase in the number of magnetic particles, the
trapping properties improved. After 3 h of injection, the 4 X 4,
6 X 6, and 8 X 8 dots maintained outputs of 33% (207 to 69
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V), 59% (259 to 153 V), and 58% (193 to 112 V) of the
highest output voltage after charge injection, respectively. In
addition, the output voltage 3 h after the injection process
showed that the N-PM 6 X 6 dot group maintained a
considerably higher output level (153 V) than that of the
reference N-P group (28 V). This realized the goal of
maintaining a high output for a long time.

Figure 7 shows the performance and practical applications of
the TENG device after the charge injection. Figure 7a shows a
circuit diagram of the TENG when load resistance was applied
for testing. The output voltage and current were measured
using changes in applied resistance to calculate the actual
output power of the TENG. As shown in Figure 7b, after the
charge injection, the output voltage gradually increased from
12 to 220 V with an increase in resistance, whereas the output
current decreased from 2.8 to 0.1 mA. The actual output
power of the entire TENG reached its highest value of 167
mW/m? at 2 X 1077 Q. As part of the practical application, we
chose a sample of the N-PM structure and first performed
charge injection. Figure 7d shows the sensitivity of the TENG
as a sensor. By applying different forces, holding them for
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Figure 7. (a) Schematic of the circuit of the load resistance measurement. (b) Voltage and current changes depend on the load resistance. (c)
Power calculated by the load resistance measurement. (d) Sensitivity measurement under different pressure. (e) Performance of the wrist bending

sensor. (f) Performance of step sensor.

approximately 1 s, and releasing them again, the measurement
results showed that the sensor maintained the same propor-
tional growth when the stress increased, indicating good
sensitivity. Figure 7e,f shows the performance of the sensor
when strapped to the wrist of a person and placed under the
insole, respectively. With an increase in the degree of wrist
bending, the output voltage showed a gradually increasing
trend, and the shape of the output signal was maintained,
showing a stable sensing performance. When the sensor was
pressed under the insole with different actions, such as “gentle
step, mid step, and hard step”, the frequency and size of the
signal changed correspondingly, which confirmed the good
sensitivity of the sensor. (The photograph of the finger
bending sensor and the insole walking sensor is shown in
Figures S7 and S8. The video of the finger bending sensor is
shown in Video S1.)

B CONCLUSIONS

In summary, elastomer ink droplets containing magnetic nickel
were coated on the back of the dielectric layer of PTFE and the
nylon films. The magnetic substances in the elastomer were
used as trapping sites to maintain the surface charge caused by
charge injection and to prevent the combination of induced
and friction layer charges. Thus, the maximum surface-charge
density was preserved for a longer period and the output
voltage increased. The number of magnetic particles and the
N-PM, NM-P, and NM-PM structures were compared as
variables. After the charge-injection process, compared with
the basic control group N-P, the N-PM group exhibited a
higher output voltage (260 V) after 4000 cycles of friction and
showed no downward trend, maintaining 59% (259 to 153 V)
of the voltage just after injection and even after 3 h of rest,
which was more than 5.5 times that of the reference group (28
V). The results prove that the particles in magnetic ink provide
trapping properties and effectively maintain the high charge
level caused by charge injection over a long time. The TENG

was used as a general sensor to detect different movement
behaviors of the human body, thereby proving its practical-
application significance.
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