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ABSTRACT: As a new type of energy harvesting and conversion device,
nanogenerator can collect various energies from daily life environment and convert
it into electrical energy; it has great flexibility and can provide power for small
independent systems. The triboelectric nanogenerator (TENG) is widely concerned
because of their high output energy density. However, in the case of an open circuit,
there will be static charge accumulation on the friction surface. The high voltage
generated by the accumulation of charge on the surface will bring the risk of
electrostatic discharge (ESD) to nearby circuits. To solve this problem, we have used
the ordered polymer nanofibers obtained by electrospinning technology to form an
anisotropic triboelectric nanogenerator with better tensile properties and mechanical \
strength than disordered electrospinning TENG. By adjusting the effective contact =
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higher than the voltage output in the lateral direction. When not in use, the
nanogenerator can be rotated 90°, so static charge accumulation and circuit burnout can be avoided, providing an easy method of
preventing ESD in a wearable environment.
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1. INTRODUCTION electrodes or high-speed drum.”** From the point of view of
physical theory, as the order of the fiber structure increases, its
mechanical strength will improve.*’

In this study, we use high-speed drum to obtain ordered
nanofibers as the friction layer of TENG, which significantly
improves the tensile properties and mechanical strength of the
TENG, at the same time, the nanogenerator has anisotropic
properties. Adjusting the friction angle to change the contact
area of the anisotropic triboelectric nanogenerator (A-TENG)
during friction, after the two friction layers rotate 90 degrees,
the output voltage of the A-TENG will change by an order of
magnitude. Therefore, when the nanogenerator is not used, it
can be rotated to avoid electrostatic discharge. It has good
prospect in the wearable field.

With the rapid increase in the number of portable electronic
devices, the research and development of energy sources
attracts increasing interests.'~* Electronic systems with higher
safety, higher biocompatibility, and smaller size have received
extensive attentions. Nanogenerator has received widespread
attention because it can collect and store various energies in
the environment, and can provide long-term, low-maintenance,
and self-powered energy for micro-nano systems.”® Common
nanogenerator comprising triboelectric nanogenerator
(TENG),”™" piezoelectric nanogenerator,””*" and pyro-
electric nanogenerator.”’ ~>> Among them, TENG has a unique
advantage because of its high output voltage, applicable
working frequency, and high efliciency. It can reach an open
_c1rcu1t voltag.e of several thousand volts ;121;140can be used. to 2. EXPERIMENTAL SECTION
induce gas discharge to generate plasma, but there is a

certain risk of electrostatic discharge (ESD) in a nonoperating 2.1. Materials. Nylon 6 (PA6) powders were provided by Macklin

environment. To prevent ESD, the nonoperating voltage of Biochemical Co., Ltd. (China) and polyvinylidene fluoride (PVDF)
TENG should be less than 30 V.*! powders (Mw ~1,000,000) used in this study were provided by

Electrospinning technology is simple and portable, and its Shanghai 3F New Materials Co., Ltd. N,N-Dimethylformamide

ability to prepare nanofibers is stable and fast,*” so it can be
used to prepare TENG to meet various application needs. On Received:  August 3, 2020

the basis of this technology, the structure of the fiber can be Accepted:  September 16, 2020
adjusted by adding auxiliary electrodes and improving the Published: September 16, 2020
collection device. For example, the preparation of single fibers

can be prepared by using near-field electrospinning technol-

ogy,*** while ordered nanofibers can be collected by parallel
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(DMF), ethanol, acetic acid, and formic acid were provided by
Sinopharm Chemical Reagents. Acetone was provided by Laiyang
Fine Chemical Plant.

2.2. Preparation of Solutions for Electrospinning. Dissolve
PVDF powder in a mixed solvent of DMF-acetone (1:1 by weight)
and stir continuously at 45 °C for 4 h to prepare a homogeneous
PVDF solution (10 wt %). Dissolve PA6 powder in a mixed solvent of
acetic acid-formic acid solvent (1:1 by weight) and stir continuously
for S h to obtain a transparent PA6 solution (15 wt %).

2.3. Fabrication of the NG. Figure 1a shows the electrospinning
device. PA6 nanofiber membrane and PVDF nanofiber membrane

iy,

PVDF Orpm

Figure 1. (a) Electrospinning device diagram and structure diagram of
A-TENG. (b) SEM characterization and statistical distribution of fiber
diameter of PVDF nanofibers at 0 and 4000 rpm. (c) Generator
mechanism of contact separation type TENG.

were prepared as the friction layer of TENG by electrospinning
technology. The PVDF fiber membrane was obtained under the
preparation environment of 45 + 5% humidity and 24 + 2 °C
temperature. The needle used has an inner diameter of 0.6 mm and an
outer diameter of 0.91 mm. The electrospinning solution was 5 mL.
The polymer solution was discharged at a constant flow rate of 1 mL
h™', a high voltage of 15 kV was applied to the syringe needle, the
spinning distance was 15 cm, and the rotating speed of the drum was
adjusted to collect nanofibers in an orderly arrangement. The PA6
fiber membrane was obtained under the preparation environment of
43 + 5% humidity and 24 + 3 °C temperature, the liquid supply rate
was 0.5 mL h™’, applied a voltage of 20 kV, the spinning distance was
18 cm, and collected nanofibers through aluminum foil and drum.
2.4. Characterization and Measurements. The microstructure
and morphology of TENG were characterized by the scanning
electron microscope (SEM, JEOL, JSM-6700F), and the diameter of
the electrospun nanofiber membrane was measured with Nano
Measurer software. The TENG was tested for stress and strain by
Instron 3300 Universal Testing Systems. The crystal structure of PA6
and PVDF was characterized by Fourier transform infrared spectros-
copy (FTIR, Thermo Scientific Nicolet iN10). The output voltage
signal of TENG was recorded through a digital oscilloscope (GDS-
2102, Gwinstek). The output current signal was recorded by a digital
oscilloscope (GDS-2102, Gwinstek) and a current amplifier (SR570).
The charging voltage of commercial capacitors was recorded with a
digital multimeter (Rigol DM 3058). To measure the triboelectricity
generated by NG, a periodic friction device was built, Supporting
Information, Figure S1 shows a model diagram of the device.

3. RESULTS AND DISCUSSION

3.1. The Basic Characterization of the TENG. Electro-
spinning is carried out through the device as shown in Figure
la to obtain nanofiber membranes. The electrospinning
equipment is mainly composed of a propulsion pump, a
power supply, and a drum collector. Two friction layers and

two electrodes form a simple TENG. A layer of metal
aluminum foil is fixed on the drum collector as the electrode
material of the nanogenerator. Due to the difference in
electron affinity, PA6 nanofiber membrane is selected as the
positive friction layer of TENG, PVDF nanofiber membrane as
a negative friction layer. The higher the speed of the drum
collector, the more ordered the nanofibers obtained. When the
drum is not used (R-0) and the drum speed is 4000 rpm (R-
4000), the fiber morphology of PVDF nanofibers obtained by
electrospinning is shown in Figure 1b. When R-0, the
nanofibers present a disordered state, and the average fiber
diameter is 690 nm, while when R-4000, the average fiber
diameter is 830 nm, and the fibers present an orderly
arrangement state. Supporting Information, Figure S2 shows
the (a) SEM image and (b) fiber diameter distribution of PA6
fibers. The drum speed is 4000 rpm with an average diameter
of 840 nm.

TENG realizes the conversion of mechanical energy to
electrical energy based on the coupling of triboelectric effect
and electrostatic induction effect. As shown in Figure lc, in the
starting state (state i), the two friction planes touch each other.
Due to the difference in electron affinity, the electrons on the
surface of the PAG6 friction layer are transferred to the PVDF
friction layer, thereby leaving a static negative charge on the
surface of the negative friction layer and a static positive charge
on the surface of the positive friction layer, achieving
electrostatic balance, at which time there is no current and
potential difference. With the separation of the positive and
negative friction layers, the relative movement between the
opposite charges occurs, and a potential difference is generated
between the two electrodes. To re-realize the electrostatic
equilibrium state, the free electrons between the electrodes
flow, resulting in a current flow (state ii). When the separation
distance of the two friction layers reaches the maximum, the
current goes down to O (state iii). When pressure is applied
again, the amount of induced charge on the electrode
decreases as the separation distance decreases, and the current
reverses (state iv)."**

The longitudinal direction is along the direction of the
rotating of the drum, and the lateral direction is perpendicular
to the direction of the rotating of the drum. As shown in Figure
2, the PVDF ordered fibers (R-4000) and random fibers (R-0),
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Figure 2. Tensile properties of PVDF nanofibers at (a) 0 rpm and (b)
4000 rpm.

obtained by electrospinning technology, were tested for the
tensile properties of the film in the transverse and longitudinal
directions, respectively. The environmental humidity was 5SS +
2%, the temperature was 24 + 2 °C, the stretching rate was 2
mm min~", and the test sample size was 2 cm X 1 cm. By the
formula

P=F/hd (1)
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Figure 3. Electrical performance of TENG. (a) Open circuit voltage. (b) Short-circuit current. (c) Durability and stability test of TENG. The short-
circuit current under changes in (d) separation distance between friction layers, (e) impact frequency, and (f) ambient humidity. (g) Output
voltage and current of TENG under external load resistance. (h) Relationship between load resistance and output power. (i) Commercial capacitor

(47 pF) is charged by TENG.

to get the tensile properties, where h and d represent the
thickness and width of the tested PVDF fiber membrane,
respectively. The thickness of the sample is shown in the
Supporting Information, Figure S3. PVDF nanofibers are
arranged in disorder at R-0, and two mutually perpendicular
directions are randomly selected as transverse and longitudinal
directions, the tensile properties between the transverse and
longitudinal directions are not different; the longitudinal
tensile strength is about 0.36 Mpa. For R-4000, the
longitudinal tensile strength is significantly improved and can
reach 27 Mpa, while the transverse tensile strength is relatively
small, only 4.38 Mpa, as shown in Figure 2b, which shows
obvious anisotropy.

High-speed drum is used to obtain ordered nanofibers, the
order degree of fiber arrangement increases, and the tensile
strength along the longitudinal direction is greatly enhanced.
This is because under tensile load, with the increase of porosity
and disorder, the state of the single pore stress concentration
control gradually transits to the state of porous interaction.*®
The structure of the material was analyzed by FTIR test, as
shown in the Supporting Information, Figure S4a,b.

3.2. The Electrical Performance of TENG. We system-
atically measured the electrical signals of device with an area of
16 cm* (40 mm X 40 mm) to evaluate the performance of
anisotropic TENG (A-TENG) for motion detection and
environmental mechanical energy collection. The thickness of
the PVDF and PA6 friction layers are 0.026 and 0.018 mm,

46207

respectively. To ensure the scientificity of the experiment, we
tested the same pair of samples throughout the experiment. As
shown in the Supporting Information, Figure S1, A-TENG
adopted a non-grounded measurement configuration,*’
through a self-made periodic friction device to achieve
continuous contact separation, Figure 3 shows the test results.
Figure 3a,b shows the measured open-circuit voltage and short-
circuit current under an environment with an impact frequency
of 2 Hz, a humidity of 45%, and a friction separation distance
of 4 mm, which can reach 164 V and 392 nA, respectively.

The stability and durability of the equipment are necessary
factors for TENG in practical applications. A-TENG has been
tested for 100,000 cycles under an environment with an impact
frequency of 2 Hz, a humidity of 47%, and a friction separation
distance of 4 mm. As shown in Figure 3c, the short-circuit
current did not change significantly before and after the cycle
test, indicating that A-TENG has good stability.

Considering the influence of the working environment on
the device, the environmental adaptability of the manufactured
A-TENG was evaluated, tested the performance of A-TENG
under different separation distances between friction layers,
impact frequencies, and ambient humidity. In the whole test
process, a comparative experiment was conducted using the
control variable method. As shown in Figure 3d, the short-
circuit current decreases as the friction separation distance
decreases.” As shown in Figure 3e, as the friction frequency
increases, the short-circuit current increases. This is because

https://dx.doi.org/10.1021/acsami.0c13938
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the increase in the impact frequency shortens the duration of
the peak value, while the total charge transferred by the
external circuit is constant, thereby increasing the short-circuit
current. Similarly, the open-circuit voltage increases with
increasing separation distance and impact frequency, as shown
in the Supporting Information, Figure S5ab. As shown in
Figure 3f and in the Supporting Information, Figure S3c, a
higher humidity environment will reduce the residence time of
the charge on the friction surface, thus reducing the output.”'

To be better used in practical applications, we have studied
the current and voltage signals of A-TENG under different
load resistances. The voltage gradually increases as the load
resistance increases, and the current decreases as the load
resistance increases, as shown in Figure 3g. As shown in Figure
3h, we fitted the instantaneous power density curve through

. U . .
the equation P = —-. When the external load resistance is

2264 MQ, the maximum load power density is obtained,
which is 129.46 mW m™2.

As shown in Figure 3i, the pulse energy of A-TENG can be
collected and stored; A-TENG can charge a commercial
capacitor of 47 uF to 3.3 V under the conditions of an
environmental humidity of 45%, a friction layer separation
distance of 6 mm, and an impact frequency of 3 Hz. It can
meet the electricity demand of small portable intelligent
electronic devices.

As a device that can efficiently collect various forms of
energy, A-TENG can supply power to many common
electronic devices. A-TENG with an area of 4 cm X 4 cm
was selected for a visual demonstration. A-TENG can charge a
47 uF commercial capacitor to 3 V to meet the electricity
demand of small smart electronic devices, such as electronic
watches and temperature-humidity sensors, as shown in Figure
4a,b, the demonstration experiment are shown in the
Supporting Information, Video S1 and S2. As shown in Figure
4c, A-TENG can light up wave-shaped LEDs, the demon-
stration experiment is shown in the Supporting Information,

Figure 4. Application of A-TENG in small electronic equipment. A-
TENG can drive (a) electronic watches and (b) temperature—
humidity sensors. (c) Light up the wave-shaped LED.

Video S3. The test results show that A-TENG has good
development potential in terms of energy harvesting.

3.3. The Application of A-TENG. There are serious safety
hazards in ESD in production and life. When the static object
with high voltage is in contact with other objects, there is a
charge flow according to the mechanism of charge neutraliza-
tion, which transfers enough power to offset the voltage.
During the transmission of power in this high speed process,
potential voltages, currents, and electromagnetic fields are
generated. In severe cases, objects are destroyed, which causes
ESD damage. This safety hazard also exists in A-TENG, which
has high-voltage output capabilities. Air is ionized and
converted into plasma under the action of high voltage,
showing the characteristics of electrical conductivity. The
charges on the two contact surfaces are conducted to each
other through the ionized air channel, resulting in ESD. When
the electrostatic discharge phenomenon is detected by the
auxiliary light detecting module, the ESD phenomenon of
TENG is easily observed.”® As shown in Figure 5a, under
nonoperating environment, due to the large difference in
electronegativity between the two friction layers of TENG,
unexpected friction may occur. The high voltage generated by
the accumulation of charge on the surface will bring
electrostatic discharge to the nearby circuits (ESD) risk. To
prevent this unsafe event from happening, an embedded A-
TENG was designed, as shown in Figure Sb. For A-TENG,
changing the friction direction of the nanofiber membrane, the
effective contact area changes, and the size of the output signal
will changes accordingly. By reducing the charge of electro-
static objects, ESD hazards can be effectively avoided. The
reducing of charge on nanogenerator can be reflected by the
drop of its output. Supporting Information, Video S4
demonstrates the state of the small bulb in different working
modes of A-TENG, when the voltage is too high, the small
bulb is burnt.

When embedded, the A-TENG can work normally to supply
current to the circuit. The output voltage is approximately
216.13 V, as shown in Figure Sc, and the output current is
about 510 nA, as shown in the Supporting Information, Figure
S6a, making it a good power source.

When placed vertically (or not embedded), as shown in
Figure 5d the friction produces a voltage of approximately 28
V, which is much smaller than the output voltage when
embedded. Similarly, as shown in the Supporting Information,
Figure S6b, the output current is about 23 nA, which is much
smaller than the output current when embedded, this is not
enough to penetrate the gas. So when not in use, A-TENG can
be rotated vertically to set the insurance. In this case, A-TENG
can no longer output high voltage even if the mechanical
contact continues. Locked A-TENG can greatly reduce the risk
of ESD in case of accidental contact in an open-circuit
situation. When the nanogenerator is restored, the two
electrodes can be returned to their original angle and the
nanogenerator can continue to output. Since nanogenerator is
widely used in wearable systems, electrode contact in a flexible
environment is unavoidable, and this design can prevent idle
nanogenerator from continuing to accumulate charge and burn
the power supply circuit.

It can be seen that A-TENG is more secure than ordinary
TENG, and the output anisotropy plays a role in insurance.
Without adding additional devices, it greatly reduces the
hidden safety hazards of surrounding instruments and better
prevents them. To prevent the occurrence of danger, while
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Figure S. (a) Accumulation of charge causes the circuit to burn out. (b) Embedded electrode model. (c) For the embedded A-TENG, the
accumulated charge can be used to power the circuit. (d) If the A-TENG is not needed, it can be locked by rotating 90° and the output will drop to

a safe level in case the two layers contact by accident.

maintaining the high output of TENG under normal
conditions, and the operation is simple and feasible, therefore,
the emergence of this new type of TENG has made
nanogenerator a mature and reliable energy source with great
potential for development in wearable and flexible electronic
devices.

4. CONCLUSIONS

In short, we used electrospinning technology, combined with
high-speed drum, collected oriented polymer nanofibers, and
obtained A-TENG. Under the stress dispersion effect of
ordered fiber, the tensile properties and strength of A-TENG
have been significantly improved, and also has obvious
anisotropy. The open-circuit voltage and short-circuit current
of A-TENG can reach 164 V and 392 nA, and the maximum
output power density can reach 129.46 mW m™* A-TENG can
directly light the LED, by charging the 47 uF capacitor; the
nanogenerator powers the electronic watch and the temper-
ature and humidity sensor. Changing the relative direction of
friction of the nanofiber membrane will change the size of the
output signal. The A-TENG can be rotated and locked to
prevent circuit burnout.
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