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ABSTRACT Harvesting ambient mechanical energy is a green route in obtaining clean and

sustainable electric energy. Here, we report an ultrarobust high-performance triboelectric
nanogenerator (TENG) on the basis of charge replenishment by creatively introducing a rod
rolling friction in the structure design. With a grating number of 30 and a free-standing gap of
0.5 mm, the fabricated TENG can deliver an output power of 250 mW/m? at a rotating rate of
1000 r/min. And it is capable of charging a 200 F commercial capacitor to 120 V in 170 s,
lighting up a G16 globe light as well as 16 spot lights connected in parallel. Moreover, the
reported TENG holds an unprecedented robustness in harvesting rotational kinetic energy.

After a continuous rotation of more than 14.4 million cycles, there is no observable electric
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output degradation. Given the superior output performance together with the unprecedented device robustness resulting from distinctive mechanism and

novel structure design, the reported TENG renders an effective and sustainable technology for ambient mechanical energy harvesting. This work is a solid

step in the development toward TENG-based self-sustained electronics and systems.
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earching for renewable energy sources
and developing renewable energy tech-
nologies are urgent for the sustainable
development of human civilization. Rota-
tion, as a type of common mechanical
motion, is ubiquitous in daily life, from
operating household appliances, such as
washing machines and electric fan, to auto-
mobile tires running on a road. Over the
past decades, it has become an attractive
target for energy harvesting as a potentially
alternative power source for battery-oper-
ated electronics." ™
Recently, on the basis of the coupling
effect of contact electrification and electro-
static effect, the triboelectric nanogenerator
(TENG) has been proven to be a renewable
and sustainable route for ambient energy
harvesting.”'® With the use of a disk or a
cylindrical structure, the TENG was also
demonstrated to harvest the rotational
kinetic energy and their electric output per-
formances are superior to other approaches
of its kind."=2" However, with reliance on
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the in-plane sliding friction, a common
challenge of these devices is the material
abrasion and the consequently generated
heat, which makes the device nondurable
under long-term continuous work and re-
duces the efficiency of energy conver-
sion.>?* With this regards, a free-standing
working mode of the TENG has been devel-
oped recently. The created free-standing
gap between the two triboelectric layers
largely ensures the superior robustness of
the device as well as unprecedentedly high
energy conversion efficiency. However, an
awkward dilemma emerges due to a low
output performance as well as unavoidable
elastic charge dissipation, which also obstructed
the TENG toward practical applications.?*
Herein, we present an ultrarobust, high-
performance route for rotational kinetic
energy harvesting by fabricating a rolling
friction enhanced free-standing mode tri-
boelectric nanogenerator (RF-TENG). Crea-
tively utilizing the rolling friction from a
metal rod, the awkward predicament of
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static charge dissipation in the free-standing model
TENG is well resolved without compromising the de-
vice robustness. The rolling rod acts as a charge pump,
which continuously replenishes tribo-charges into the
free-standing triboelectric layer to a saturated level.
This replenishment assures a high electric output,
while the rolling friction causes almost no damage to
the triboelectric layers. A systematic study of the
influence of the design parameters, including the gap
distance and grating number, on the electric output of
the RF-TENG was performed both theoretically and
experimentally in this work. And the two are well
consistent with each other. Especially, with a grating
number of 30, and a gap distance of 0.5 mm, an
as-fabricated RF-TENG can deliver a constant output
power density of 250 mW/m? at a rotating rate of
1000 r/min. And it is also demonstrated to charge a
200 uF commercial capacitor to 120 Vin 170 s, and to
light up a G16 globe light as well as to directly power 16
spot lights connected in parallel. In the meanwhile,
with a novel structure design, the RF-TENG shows a
superior robustness. Both the voltage and current out-
put hold constant after a continuous rotation at a rate
of 1000 r/min for 10 days. Given the high-performance
electric output and the superior device robustness, the
RF-TENG provides a green and sustainable technology
for ambient mechanical energy harvesting, which is a
solid step of TENG toward practical applications.

RESULTS AND DISCUSSION

The device structure of the RF-TENG is schematically
illustrated in Figure 1a, which consists of three parts, a
rotator, a stator and an aluminum rod. The zoom-in
illustration (middle left) demonstrates the functionality
of the aluminum rod for charge replenishment via
rolling friction with the rotator. An axial gap in between
the rotator and stator, namely, the free-standing gap, is
tunable. In the stator, a layer of copper electrodes,
which are complementarily patterned and discon-
nected by fine trenches in between, were deposited
onto the kapton film. Meanwhile, in the rotator, a layer
of paralleled identical copper stripes with equal space
was uniformly deposited onto the FEP thin film. Photo-
graphs of the as-fabricated rotator and stator with a
grating number of 30 were, respectively, demonstrated
in Figure 1, panels b and c. For a systematical study of
the reported RF-TENG, the rotator and stator with a
series of grating numbers were fabricated, as the
photographs presented in Supporting Information
Figure S1. To enhance the surface charge density of
contact electrification, inductively coupled plasma
(ICP) etching treatment was performed to create poly-
mer nanowires array on the FEP surface. A scanning
electron microscope (SEM) of the FEP nanowires is
shown in Figure 1d, which indicates an average clus-
tering diameter of FEP nanowires of 80 nm with an
average length of 250 nm. To operate, the thin film of
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Figure 1. Structural design of the rolling friction enhanced
free-standing triboelectric nanogenerator (RF-TENG), which
consists of three parts, a rotator, a stator and an aluminum
rod. (a) A schematic illustration of a RF-TENG. The zoom-in
illustration (middle left) demonstrates the functionality of the
aluminum rod for charge replenishment via rolling friction. (b) A
photograph of the rollable stator. The scale bar is 1 cm. (c) A
photograph of the rotator, which is made of evenly spaced
metal gratings on a FEP thin film. The scale bar is 1 cm. (d) A SEM
image of the FEP polymer nanowires. The scale bar is 500 nm.

the rotator was aligned onto a layer of sponge foam
before being supported by an acrylic rod with a
diameter of 2.54 cm. The soft sponge foam here was
acting as a buffer layer to ensure an intimate contact
between the aluminum rod and FEP film. A detailed
experimental setup was discussed in Methods.

The electricity generation of RF-TENG originates
from a coupling effect of contact electrification and
electrostatic induction,> 32 as depicted in Figure 2.
Here, both two-dimensional schematic illustrations of
charge distribution (up) and potential distribution by
COMSOL (down) were used for explanation. We define
the initial state and the final state as the states when
the FEP gratings of the rotator aligned with electrode
1 and electrode 2, respectively, while an intermediate
state is the state when the rotator spins away from
the initial position to the final position. To begin, when
the rotator starts to spin, a rolling friction happens
between the aluminum rod and FEP surface, and thus,
an equal amount of negative and positive charges will
be, respectively, generated on the FEP parts and the
metal parts due to a difference of the electron affinity
between aluminum and FEP.33737 The rolling friction
here can effectively avoid the sliding friction between
the rod and FEP surface, which can not only ensure the
durability of the materials, but also provide an endur-
ing charge density on the FEP surface, contributing to a
time-lasting and constant output power. In the mean-
while, the rotation of the rotator will also lead to an
intimate contact between the aluminum rod and the
copper gratings, which ends up a redistribution of
the positive charges on both the aluminum rod and
the copper electrodes of the rotator, according to the
principle of equipotential body. Subsequently, owning
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Figure 2. Schematics of the operating principle of the RF-TENG. Both two-dimensional schematic illustrations of the charge
distribution (up) and potential distribution by COMSOL (down) were employed to elucidate the working principle of the
RF-TENG in a half cycle. (a) The initial state; (b) the intermediate state; (c) the final state.

to electrostatic induction, the negatively charged FEP
will induce the equal amount of positive charges in the
electrode 1, while the positively charged copper will
induce the equal amount of negative charges in the
electrode 2 of the stator, as illustrated in Figure 2a. A
continuous rotation will bring to the intermediate
state, where the positive charges on electrode 1 will
transfer to electrode 2 through the external circuit
(Figure 2b) until it reaches the final state (Figure 2c).
Further rotation beyond the final state induces both
the open circuit voltage and short-circuit current to
change in a reversed way because of the periodic
structure. The variation of electric potential between
two sets of stator electrodes is visualized via COMSOL
in Supporting Information Movie 1.

To systematically investigate the performance of the
RF-TENG in harvesting rotational kinetic energy, two
key design parameters, the grating numbers and
the free-standing gap, are both experimentally and
theoretically studied. To measure, the RF-TENG was
anchored on a platform where one end was fixed by a
bearing, and the other end was connected to a pro-
grammable rotary motor, as demonstrated in the
Supporting Information Figure S2. The center of the
bearing and the rotary motor were tuned by a raising
platform as well as a 3D-stage to guarantee a coaxial
operation of the RF-TENG for a stable electric output.
The motor was programmable for a quantitative mea-
surement of the electric output, which was carried out
under a relatively dry humidity (RH = 30%). To begin,
given a fixed free-standing gap of 0.5 mm, the open
circuit voltage shows a minor degradation with in-
creasing the grating numbers, while a quasi-linear
increasing trend was experimentally observed for the
short circuit current, as demonstrated in Figure 3a.
Then, a further electric output characterization was
systematically performed when the free-standing gaps

GUO ET AL.

were set at 1, 2, 3, and 6 mm, and the corresponding
experimental observations were, respectively, pre-
sented in Figure 3, panels b, ¢, d, and e. The original
experimental output current and voltage curves are
exhibited in Supporting Information Figure S3. From
the evolution of the output signals regarding the
increasing grating numbers at various gap distances,
certain trends can be derived to clearly profile the
reported RF-TENG. First, current amplitudes are drasti-
cally increased with elevated grating numbers at a gap
distances lower than 2 mm. Second, when the gap
distance was larger than 2 mm, maximized current
outputs emerge at an optimized grating numbers. And
also, the maximized current points were shifted toward
a larger grating numbers at smaller gap distances,
as a clear view presented in Supporting Information
Figure S4a. Apparently, a monotone increasing rela-
tionship was no longer exhibited between the current
output and the grating numbers for the RF-TENG. This
is mainly attributed to the fact that the transferred
charges across the electrodes were degraded with
increasing of the grating numbers, as the experimental
results demonstrated in the Supporting Information
Figure S4b. To clearly picture the underneath physics, a
schematical illustration was presented in Supporting
Information Figure S5. For the in-plane sliding mode,
due to the intimate contact between the two tribo-
electric layers, the generated static electric fields by
the triboelectric charges are mutually locked. As a con-
sequence, the transferred charges Q across electrodes
will not be reduced with further subdivided gratings.
The output current is proportional to dQ/dt. With
constant charge transfer across electrodes, a faster
charge transfer will be resulted from the subdivided
grating, which contributes to an enhanced current
output. However, in the RF-TENG, the static electric
fields between triboelectric layer and electrode are
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Figure 3. Electrical output characterization of the RF-TENG. Dependence of the short-circuit current and open-circuit voltage
on the number of gratings under a various free-standing gap distance D between the rotator and stator: (a) D = 0.5 mm, (b) D =
1 mm, (c) D=2 mm, (d) D =3 mm, (e) D = 6 mm. (f) Dependence of the maximum output power of the RF-TENG on the grating

numbers at a fixed axial distance D = 0.5 mm.

no longer mutually locked due to the existence of a
physical gap, which will lead to a reduced transfer
charges across the electrodes. With further subdivided
gratings, the increase of the output current due to
a faster charge transfer will be undermined by the
reduced amounts of the transferred charges. And
the latter will become more and more dominant on
the current output with elevated subdivided gratings,
which renders a maximized current output at an opti-
mized grating number. In the meanwhile, this effect will
also become more and more dominant at a fixed grating
number with elevated gap distance, which contributes
to a shifted peak current points toward a smaller grating
numbers. Third, at all gap distances, the open-circuit
voltage shows a decreasing trend with increasing the
grating numbers. Especially, at larger gap distances, the
output voltage is decreased much more obviously.
Fourth, both the current and voltage are apparently
decreased with elevated free-standing gap distances, as
shown in Supporting Information Figure S6. These
observations are mainly attributed to the fact that a
larger gap distance leads to a weaker electrostatic
induction effect. More importantly, a more confined
electrostatic field will exist with smaller gap distance
between the charged surfaces and the electrodes.
Additionally, the symmetrical neutralizing effect of the
potential will become stronger at a larger gap distance.

To confirm the proposed interpretation, finite ele-
ment analysis was employed to simulate the open-
circuit potential distribution under two scenarios: one
is varying the grating numbers with constant the free-
standing gap distance. The other is varying the gap
distance with fixing the grating number. For the first
scenario, as demonstrated in Supporting Information
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Figure S7, a decreased open-circuit potential differ-
ence was observed with increasing grating numbers.
For the second scenario, at a fixed grating number, the
simulated voltage is decreasing with the increased gap
distance, as the simulated results shown in Supporting
Information Figure S8. These theoretical results are well
consistent with the experimental observations.

For a systematical study, a further step was taken to
evaluate the output power of the RF-TENGs with elevated
grating numbers. At a fixed gap distance of 0.5 mm, the
output power density is obviously increased with grating
numbers, as shown in Figure 3f. Here, each output power
density is the maximized value at its optimized external
load resistance. And a detailed investigation of the maxi-
mized output power with various grating numbers is
plotted in Supporting Information Figure S9.

Furthermore, charge replenishment by a rod rolling
friction is the driving force behind the enhanced
electric output of the presented RF-TENG. To quantify
the rolling induced performance improvement, both
the open-circuit voltage and short-circuit current are
measured with or without the rod under various rotat-
ing speeds, from 100 to 900 r/min. Here, the rotator of
the tested RF-TENG has a diameter of 2.54 cm and a
length of 10 cm. And the free-standing gap is set to
be 0.5 mm. As the experimental results presented in
Figure 4a,b, both the open-circuit voltage and short-
circuit current are doubled with the rolling friction
induced charge replenishment. In the absence of the
rod rolling, the triboelectric charges on the FEP surface
will decay continuously. Here, a monitoring of the
dynamic change of the short-circuit current is pre-
sented in Supporting Information Figure S10. After
placing the aluminum rod, the output of the RF-TENG
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Figure 4. Rolling friction induced charge replenishment and device robustness. The current (a) and voltage (b) enhancement
by introducing the aluminum rod rolling friction. (c) Mechanical robustness test of the RF-TENG. The output voltage only
shows a minor fluctuation of less than 0.2% after 14.4 M cycles of rotations. (d) Comparison of the metal gratings surface
morphology after the rolling friction and sliding friction up to 120000 cycles. The scale bars are 1 cm.

is obviously increased and keeps constant at a higher
plateau. Not until removing the metal rod does the
electric output show an obvious degradation. It is
worth noting that the charge degradation rate is highly
related to the ambient environment, such as tempera-
ture, humidity, pressure, floating particles in air, and so
on. 3% |n the RF-TENG, the continuous charge replen-
ishment will enable the device free from the environ-
mental factors, rendering a consistent and constant
electric output. This is also a critical advantage toward a
sustainable practical power source.

The reliability is also a superior feature of the re-
ported RF-TENG, which is primarily represented by its
output stability and mechanical durability. On the one
hand, the output stability against the long-term con-
tinuous rotation has been investigated. To evaluate, a
set of current output measurements were performed
among three types of TENGs: RF-TENG, noncontact
free-standing mode TENG (NC-TENG), and contact in-
plane sliding mode TENG (C-TENG). The output current
data of each TENG was normalized as shown in
Figure 4c; the output of RF-TENG only shows a minor
fluctuation of less than +0.2% after 14.4 million cycles
of rotations, while the output of NC-TENG decreased
about 15%. Noticeably, the output of the C-TENG
dropped to 45% only after 2.8 million rotation cycles.
And detailed output signals degradation is presented
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in Supporting Information Figure S11. On the other
hand, to investigate, the mechanical durability is also
evaluated by comparing the surface material abrasion
after 0.12 million rotation cycles. As exhibited in
Figure 4d, the metal electrodes of the RF-TENG stayed
almost intact, while those of the in-plane sliding mode
TENG were almost worn out. We still observed the FEP
surface after 120 K cycles and no damage was found, as
the SEM image indicated in the Supporting Informa-
tion Figure S12. The ultrarobustness of the RF-TENG is
mainly attributed to the novel device structural design.
In the operation of RF-TENG, there is no direct physical
contact between the triboelectric layer and the elec-
trode, and the rolling friction for the charges' replen-
ishment will hardly cause any damage to the durable
FEP polymer surface.®?> Moreover, the use of a soft
sponge can largely reduce the rigid contact between
aluminum rod and FEP, and it also can avoid the relative
slip between aluminum rod and FEP film, which could
further enhance the robustness of the device.

To demonstrate the capability of the RF-TENG as a
robust and sustainable power source, first, the output
power of an as-fabricated RF-TENG with a grating
number of 30, diameter of 2.54 cm, and length of
10 cm was quantified at the free-standing gap of 0.5
mm. As shown in Figure 5a, the short-circuit current
and open-circuit voltage (peak to peak) can,
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Figure 5. Demonstrations of the RF-TENG as a practical power source. (a) Electric output characterization of a RF-TENG with a
grating number of 30 and gap distance D = 0.5 mm. (b) Dependence of the output current and peak power of the RF-TENG on
the resistance of the external load, indicating the maximum power output is obtained at 20 MQ. The results were obtained
under a fixed rotating speed of 900 r/min. (c) Photograph of 16 spot lights that are directly powered by the RF-TENG in
complete darkness under a rotating rate of 1500 r/min. The scale bar is 1 cm. (d) Demonstration of the RF-TENG charging a 200
uF commercial capacitor and simultaneously lighted up a G16 globe light. The scale bar is 2 cm.

respectively, reach ~15 uA and ~320 V. Resistors were
utilized as external loads to further investigate the output
power of the RF-TENG at a rotation rate of 1000 r/min.
As displayed in Figure 5b, the current amplitude drops
with increasing load resistance owing to the ohmic loss,
while the voltage follows a reverse trend. As a result, the
instantaneous peak power is maximized at a load resis-
tance of 20 MQ, corresponding to a peak power density
of 250 mW/m?Z. This long-term continuous output power
is capable of simultaneously powering 16 spot lights
connected in parallel (Figure 5¢, Supporting Information
Movie 2), charging a 200 uF commercial capacitor to
120 Vin 170 s as well as lighting up a G16 globe light
(Figure 5d, Supporting Information Movie 3).

CONCLUSION

In this work, we presented an ultrarobust high-
performance route for effective rotational kinetic en-
ergy harvesting as a sustainable and practical power
source. Creatively utilizing the rolling friction from a
metal rod, the awkward predicament of elastic charge
dissipation in the free-standing model TENG is well

METHODS

Fabrication of Nanowires Array on FEP Surface. Inductively
coupled plasma (ICP) reactive-ion etching was carried out to
create the nanowire structure onto FEP film. Typically, a 50 um
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resolved with no compromising of the device robust-
ness. With a grating number of 30 and a free-standing
gap of 0.5 mm, the reported RF-TENG can deliver a
long-term constant output power of 250 mW/m? at a
rotating rate of 1000 r/min. A systematical investiga-
tion of the dependence of performance on the grating
numbers and the free-standing gap were both experi-
mentally and theoretically studied. And the output
power can be dramatically enhanced with larger grat-
ing numbers and smaller axial gap distance, which
could be technically realized by more exquisite fabrica-
tion process. With superior device reliability together
with a relatively high output performance, the RF-TENG
is demonstrated to continuously light up a G16 globe
lightas well as 16 spot lights connected in parallel. And
it is also demonstrated to charge a 200 uF commercial
capacitor to 120 V in 170 s. Given the high-perfor-
mance electric output and the superior device robust-
ness, the RF-TENG presents a practical and effective
route for ambient rotational kinetic energy harvesting.
And it is a milestone in the development toward TENG-
based self-powered electronics.

thick FEP thin film (American Durafilm) was cleaned with
isopropyl alcohol and deionized water, and then blown dry
with nitrogen gas. Before etching process, Au particles were
deposited by sputtering (Unifilm Sputter) as the mask to induce
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the nanowire structure later. Subsequently, Ar, O,, and CF,
gases were introduced into the ICP chamber, with flow rate of
10.0, 15.0, and 30.0 sccm, respectively. The FEP film was etched
for 10 min to obtain the nanowire structure on the surface with a
high density plasma generator (400 W) and a plasma-ion
acceleration (100 W).

Fabrication of a Rotator. A FEP film with a size of 88 mm x
3 mm was coated with copper strings by PVD. Then, the copper
coated FEP was aligned onto a layer of sponge foam before it
was supported by an acrylic rod with a diameter of 2.54 cm.
The soft sponge foam here was acting as a buffer layer to
ensure an intimate contact between the aluminum rod and
FEP film.

Fabrication of a Stator. Acrylic tubes with an inner-diameter of
29, 30, 32, 34, and 36 mm were provided an open mouth cut
(width: 12 mm) along z-axis in order to anchor the aluminum
rod with a diameter of 11 mm. A layer of copper electrodes,
which are complementarily patterned and disconnected by fine
trenches in between, were deposited onto the kapton film. And
electrode fingers of 2, 6, 12, 18, 24, and 30 were prepared for a
systematical study.

Characterization and Electrical Measurement of the RF-TENG. The
morphology and nanostructure of the etched FEP film was
characterized by a Hitachi SU8010 field emission scanning
electron microscope. And the output voltage signal of the RF-
TENG was acquired via a voltage preamplifier (Keithley 6514
System Electrometer). The output current signal of the RF-TENG
was acquired by a low-noise current preamplifier (Stanford
Research SR560).
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current and open-circuit voltage of the RF-TENGs on the gap
distances with various grating number; (Figure S7) the finite
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