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Abstract: While sliding-mode triboelectric nanogenerators (S-TENGs) have been considered as one
of the most promising devices for rotational energy harvesting, their inherently poor durability has
been a serious bottleneck for applications. Herein, we report a three-dimensional kirigami TENG as
a highly efficient and durable rotational energy harvesting device. The kirigami TENG consisted of
cube-shaped paper, aluminum (Al) foil electrode and polytetrafluoroethylene (PTFE) polymer film,
and converted rotational motion into multiple folding-unfolding vibrations. The rotation-folding
(R-F) kirigami TENG generated an open-circuit voltage of 31 V, a short-circuit current of 0.67 uA
and an instantaneous power (power density) of 1.2 uW (0.13 pW/ cm?) at 200 rpm, which was
sufficient to turn on 25 light-emitting diodes and a thermo-hygrometer. The triboelectric outputs
of the R-F kirigami TENG were only slightly decreased even after 288,000 continuous rotations,
i.e., the output remained at 86% of its initial value. This work demonstrates that an R-F kirigami
TENG could be a plausible candidate to efficiently harvest various forms of rotational energy with a
long-term durability.

Keywords: triboelectric nanogenerator; kirigami; rotational energy; durability; efficiency

1. Introduction

Mechanical energy harvesting from our daily life has drawn considerable interest due
to strong demand for a portable power source to charge numerous mobile devices [1-5].
Among the various mechanical energy harvesting devices, triboelectric nanogenerators
(TENGSs) have demonstrated the effective conversion of wasted low-frequency vibrations
into electricity through a mechanism of triboelectrification and electric induction [6-14].
TENGs have been classified into contact-separation [15,16], single-electrode [17,18], in-
plane sliding [19,20] and free-standing modes [21,22], according to their working prin-
ciples [23]. In particular, sliding mode has been identified as an efficient technique for
rotational energy harvesting from the ambient environment.

However, the sliding-mode TENG (S-TENG) has serious drawbacks of energy loss
induced by air breakdown and low durability. There have been several important reports
to solve or mitigate these deficiencies. Zhou et al. used liquid lubricant to improve power
output and durability [24]. They found that liquid lubricant significantly suppressed
interfacial breakdown and lowered electrostatic field strength in the micro-gap between
the triboelectric layer and electrode. Chen et al. utilized an automatic transitional TENG
between contact and non-contact modes [25]. They found that the automatic rotational
TENG exhibited less deterioration of output performance. Tang et al. used flexible halbach
magnetic array-assisted S-TENG [26]. They found that the magnetic array-assisted S-TENG
retained 60% of its initial output after 25 h of continuous operation due to intermittent
contact.

In this paper, we report a rotation-folding (R-F) kirigami TENG for rotational energy
harvesting with greatly enhanced durability. The R-F kirigami TENG is fabricated from
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paper, polyester film, hydrothermally treated aluminum (Al) foil and plasma-treated
polytetrafluoroethylene (PTFE) polymer. The unique three-dimensional structure enables
the R-F kirigami TENG to transform a single cycle of rotational motion into four folding-
unfolding vibrations. Hydrothermal treatment of Al and plasma treatment of PTFE greatly
enhances the triboelectric power. We found that such enhancement is related to the
increased surface roughness of Al and negative shift of surface potential of PTFE. The R-F
kirigami TENG retains 86% of its initial output and clean contacting surface even after 24 h
(288,000 cycles) of continuous rotations, in sharp contrast to the 13% of initial output and
deteriorated surface in the S-TENG.

2. Experimental Details
2.1. Fabrication

The R-F kirigami TENG was fabricated using normal paper, adhesive tape, polyester
film, Al foil and PTFE polymer. Paper (100 pum-thick) was cut into square pieces, attached to
polyester film using adhesive tape, and then connected to a cube. Six cubes were assembled
together to form a three-dimensional structure. Hydrothermal treatment was performed for
as-received Al foils (Sigma Aldrich, Seoul, Korea). The foils were dipped into hot distilled
water (ca. 80 °C) for 2 h and then cooled in air under flowing N; gas. Plasma treatment
was performed for as-received PTFE polymers (LK Lab). The polymers were etched at
50 mW for 2 min under flowing Ar gas. Hydrothermally treated Al foils (3 x 3 cm?) were
attached to four surfaces of one cube and plasma-treated PTFE polymers (3 x 3 cm?) to
one surface of four cubes, as shown in Figure S1.

2.2. Characterization

The surface morphology of Al and PTFE was investigated by atomic force microscopy
(XE-7, PSIA, Suwon, Korea) and field-effect scanning electron microscopy (SU 8010, HI-
TACH]I, Tokyo, Japan). The resistance of Al was measured using an electrometer (6517A,
Keithley, Cleveland, OH, USA). The chemical bonding and surface potential of PTFE were
investigated by X-ray photoemission spectroscopy with Al K« radiation (K-Alpha, Thermo
Scientific) and Kelvin probe force microscopy (KPFM) (XE-7, PSIA), respectively.

2.3. Triboelectric Power Generation Measurement

A DC motor (DC12V, Motorbank, Seoul, Korea) was used to rotate the R-F kirigami
TENG at various angular velocities. Electrical outputs were measured using a digital phos-
phor oscilloscope (DSOX2002A, Keysight), a programmable electrometer (6517, Keithley,
Cleveland, OH, USA) and a low-noise current preamplifier (SR570, Stanford Research
Systems, Washingon, DC, USA). A bridge rectification circuit and capacitor (1 mF) were
used to convert the alternating current into direct current and store the charge, respec-
tively. Light-emitting diodes (LEDs) and thermo-hygrometer were used to demonstrate
the powering of small electronic devices.

3. Results and Discussion

To directly show the poor durability of an S-TENG, we performed a control experiment
using the same contacting materials of Al and PTFE for an R-F kirigami TENG. Figure 1a
shows a schematic illustration and digital images of the S-TENG. Four pieces of Al foils
and PTEFE films were attached on two acrylic disks at 90° intervals. Then, the two disks
were tightly contacted to rotator and stator, and rotated at 200 rpm.
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Figure 1. (a) Schematic illustration and optical images of a sliding-mode triboelectric nanogenerator
(S-TENG). Rotation number-dependent (b) surface morphology, and (c) open-circuit voltage and (d)
short-circuit current. In (b), scanning electron microscopy images of polytetrafluoroethylene (PTFE)
are shown for top and tilt views. Orange arrows represent the rotational direction.

Figure 1b shows top and tilt views of PTFE as a function of the number of rotations.
There are several lines on the surface of the as-received PTFE. When rotation continues, the
PTFE surface becomes scratched along the rotational direction. The scratches are deepened
and widened with the increasing number of rotations, reaching a depth of 40 um and
widths of 5~30 um after 288,000 rotations. A magnified tilt-view clearly shows that the
PTFE polymers are seriously damaged after the rotations.

Such deteriorated PTFE surface should significantly decrease triboelectric outputs [27-29].
As shown in Figure 1c,d, respectively, the triboelectric voltage and current sharply de-
creased and then were nearly saturated after 288,000 rotations. The triboelectric voltage and
current retain only 12% and 14% of their initial values, respectively, at 30 N. Triboelectric
output should decrease more rapidly with the increase of applied force. It may cause
the lowered outputs at large force, as compared with those at small force, after a certain
number of rotations. Consistently, the triboelectric output at 30 N is lower than that at 20 N
during the rotation number of 2 x 103~2 x 10%.

To address the poor durability of S-TENGs, we adopted a kirigami approach [30-34].
Figure 2a shows a schematic illustration and digital image of the R-F kirigami TENG.
Because of the unique three-dimensional structure, rotation of one cube causes movement
of the other cubes in the R-F kirigami TENG [35]. Namely, the rotation of one Al foil-
attached cube results in the folding-unfolding vibration of four PTFE polymer-attached
cubes. Note that the polyester film takes the role of hinge for the successive folding-
unfolding vibration.
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Figure 2. (a) Schematic illustration and digital image of a rotation-folding (R-F) kirigami TENG.
(b) Detailed motion of each cube during a half-rotation. (c) Power generation mechanism for a
folding-unfolding vibration during a quarter-rotation.

Figure 2b schematically illustrates the detailed movements of each cube during a
half-rotation. When an Al-attached cube rotates clockwise by 90°, a left PTFE-attached
cube folds while a bottom PTFE-attached cube unfolds. When an Al-attached cube rotates
by 180°, a top PTFE-attached cube folds while a left PTFE-attached cube unfolds. Likewise,
right and bottom PTFE-attached cubes successively fold, while top and right PTFE-attached
cubes successively unfold when an Al-attached cube rotates by 270° to 360°.

In Figure 2¢c, we schematically illustrate the power generation mechanism of the R-F
kirigami TENG for a folding-unfolding vibration during a quarter-rotation. When the
PTFE polymer contacts Al foil, the PTFE and Al become negatively and positively charged,
respectively, according to the triboelectric series [36]. When the PTFE polymer starts to
unfold from the Al foil, a potential difference will be formed, which causes positive charges
to flow from the Al foil to the ground until equilibrium. When the PTFE polymer begins to
fold again, another potential difference will be formed, which causes positive charges to
flow from ground to the Al foil. (Because of folding-unfolding vibration instead of vertical
contact-separation, the triboelectric charges in Al foil are not homogenously distributed to
screen the immobile triboelectric charges in PTFE.) Therefore, four current peaks should
occur during a one-rotational cycle.

Figure 3a,b show the atomic force microscopy images and resistances, respectively, of
as-received and hydrothermally treated Al foils. The hydrothermal treatment significantly
increases the roughness of Al foils. Quantitatively, the root-mean-square roughness (Ryms)
increases from 11.75 to 58.15 nm. On the other hand, the hydrothermal treatment causes
little change of resistance from 3.8 () [37,38]. Increased roughness without changing
resistance in Al electrode should assist TENG application through the increased contact
area and effective transfer of charge carriers. Figure 3¢c,d show the X-ray photoemission
spectra and surface potential images, respectively, of as-received and plasma-treated PTFE
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polymers. The plasma-treatment significantly alters the chemical bonding. Qualitatively,
the peak corresponds to C-O bond increases, while that to C-F bond decreases. In addition,
the plasma-treatment causes a negative shift of surface potential (Vims) from —14.7 to
—29.3 V [39,40]. A negative shift of surface potential in PTFE polymer should also assist
TENG application through the transfer of larger amounts of charge carriers. Detailed

dimensions and electrical properties of surface-treated Al and PTFE are summarized in
Table 1.
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Figure 3. (a) Atomic force microscopy images and (b) resistances of as-received and hydrothermally
treated Al foil. (c) X-ray photoemission spectra and (d) surface potentials of as-received and Ar

plasma-treated PTFE polymer. Comparison of (e) open-circuit voltage and (f) short-circuit current
for various surface treatments.

Table 1. Dimensions and electrical properties of surface-treated Al and PTFE.

Hydrothermal-Treated Al Plasma-Treated PTFE
dimension 3 x 3 cm? 3 x 3 cm?
resistance /resistivity 380 108 Om [41]

surface potential 0.8V [42] —293V
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In Figure 3e,f, we compare the open-circuit voltage and short-circuit current, respec-
tively, of contact separation between Al and PTFE for various surface treatments. The
as-received Al and PTFE generate a voltage of 3.7 V and a current of 57 nA, while hy-
drothermally treated Al and plasma-treated PTFE generate a voltage of 12.5 V and a current
of 176.8 nA. Such a remarkable enhancement of triboelectric outputs after the surface treat-
ment in the contact-separation mode should also enhance the triboelectric outputs in the
rotational mode.

Using the surface-treated Al and PTFE, we investigate the open-circuit voltage and
short-circuit current of an R-F kirigami TENG in Figure 4a,b, respectively, at various
rpm. For all angular velocities, many peaks could be observed due to the four folding-
unfolding vibrations during one rotation. Overall, the triboelectric outputs increased with
increasing angular velocity. Figure 4c shows the external load-dependent voltage, current
and power at 200 rpm. Due to Ohm’s law, the voltage increases while the current decreases
with increasing load resistance. Maximum triboelectric power (power density) of 1.2 pW
(0.13 uW/cm?) is obtained at 100 MQ.
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Figure 4. (a) Open-circuit voltage and (b) short-circuit current of an R-F kirigami TENG at various
angular velocities. (c) Load resistance-dependent voltage, current and power at 200 rpm. Rotation
number-dependent (d) surface morphology of PTFE, and (e) open-circuit voltage and (f) short-circuit
current of the R-F kirigami TENG.

The variation of surface morphology and triboelectric outputs of the R-F kirigami
TENG are shown in Figure 4d e f, respectively. In sharp contrast to the S-TENG (Figure 1),
the R-F kirigami TENG retains almost 86% of its initial output even after 288,000 rotations.



Energies 2021, 14, 1120

7 of 10

Accordingly, the surface morphology of PTFE is almost unchanged, irrespective of the
number of rotations. We notice that the choice of an appropriate material for the junction
of cubes are crucial for the stability of R-F kirigami TENG. As shown in Figure 52, a weak
adhesive tape causes a stability problem, i.e., the R-F kirigami TENG only retains 62% of
its initial output, in sharp contrast to a tough polyester film.

An R-F kirigami TENG with greatly enhanced output and durability could be used
for the long-term operation of small electronic devices. Figure 5a schematically illustrates
the proposed applications of the R-F kirigami TENG for self-powered lightening and
self-powered weather monitoring systems in a rural region. The R-F kirigami TENG
can convert the rotational motion of a windmill or watermill into electricity via folding-
unfolding vibrations. The harvested electricity can be used to operate LEDs, which could
help farmers to work in light conditions and operate thermo-hygrometers, which could
help them to predict the weather.

RF || RF |[ RF |[ RF | [Switch|/Capacitor|R-F TENG|
TENG||TENG||TENG||TENG ® \ 4.
T .

o | ¥
EI Rect. | I Rect.

[TED] Sy
Svich_{caior} 1R
?—f] Thermo-Hygrometer f— Rectifier]

[Thermo-Hygrometer|

80
Time (min)

Figure 5. (a) Proposed applications of an R-F kirigami TENG for powering LEDs and a thermo-

hygrometer at a windmill and watermill. (b) Circuit diagram and digital photographs of the R-F

kirigami TENG, rectifiers, switch, LED and capacitor. (c) Digital photographs of powered LEDs

during the day- and night-time. (d) Charging-discharging curve of a 1 mF capacitor. In the inset,

detailed discharging curve and powered thermo-hygrometer image are shown.

To demonstrate the feasibility of such applications, we assembled rectifiers, a capacitor,
a switch, LEDs and a thermo-hygrometer and connected them to the R-F kirigami TENG
(Figure 5b). During the rotation of the R-F kirigami TENG, 25 white LEDs were brightly
illuminated during the day- and night-time (Figure 5¢, Video S1). During the rotation of the
R-F kirigami TENG, the 1 mF capacitor was charged to 2 V within 158 min and operated a
thermo-hydrometer for 30 s (Figure 5d, Video S2).
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4. Conclusions

In summary, we report a rotation-folding kirigami triboelectric nanogenerator (R-F
kirigami TENG) to harvest the wasted rotational energy with greatly enhanced efficiency
and durability. The R-F kirigami TENG is fabricated using six cubes made from normal
paper, adhesive tape, polyester film, Al foil and PTFE polymer. Three-dimensional R-F
kirigami TENG converts a one-rotational cycle into four folding-unfolding vibrations. Hy-
drothermal and plasma treatments significantly increase the roughness of Al foil and shift
the surface potential of PTFE polymer, respectively, thereby greatly improving the triboelec-
tric outputs. The R-F kirigami TENG generates an open-circuit voltage of 31 V, short-circuit
current of 0.67 pA and instantaneous power (power density) of 1.2 uyW (0.13 uW/ cm?) at
200 rpm. The output power is sufficient to operate 25 LEDs and a thermo-hygrometer. The
R-F kirigami TENG retains almost 86% of its initial output even after the 288,000 rotations,
in sharp contrast to the 13% in the S-TENG. This work suggests that three-dimensional
kirigami-based TENG could be a feasible approach to promote efficiency as well as dura-
bility in rotational energy harvesting applications.

Supplementary Materials: The following are available online at "https:/ /www.mdpi.com/1996-107
3/14/4/1120/s1, Figure S1: A fabrication process of an R-F kirigami TENG, Figure S2: Comparison
of rotation number dependent normalized open-circuit voltage and short-circuit current when each
adhesive tape and polyester film was used at the junction of cubes, Video S1: Powering 25 light-
emitting diodes (LEDs) by an R-F kirigami TENG, Video S2: Operation of a thermo-hygrometer by
an R-F kirigami TENG.
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