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A constant current triboelectric nanogenerator arising

from electrostatic breakdown

Di Liu"?*, Xing Yin"?*, Hengyu Guo'3*, Linglin Zhou'?, Xinyuan Li"2, Chunlei Zhang'?,

Jie Wang"?!, Zhong Lin Wang*3"

In situ conversion of mechanical energy into electricity is a feasible solution to satisfy the increasing power de-
mand of the Internet of Things (IoTs). A triboelectric nanogenerator (TENG) is considered as a potential solution
via building self-powered systems. Based on the triboelectrification effect and electrostatic induction, a conven-
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tional TENG with pulsed AC output characteristics always needs rectification and energy storage units to obtain a
constant DC output to drive electronic devices. Here, we report a next-generation TENG, which realizes constant
current (crest factor, ~1) output by coupling the triboelectrification effect and electrostatic breakdown. Mean-
while, a triboelectric charge density of 430 pC m™2 is attained, which is much higher than that of a conventional
TENG limited by electrostatic breakdown. The novel DC-TENG is demonstrated to power electronics directly. Our
findings not only promote the miniaturization of self-powered systems used in loTs but also provide a paradigm-

shifting technique to harvest mechanical energy.

INTRODUCTION

In recent years, intensive work has been dedicated to converting
environmental energy into electricity to meet modern society’s
demand of a clean and sustainable power source (I-5). Harvesting
of environmental mechanical energy as an eco-friendly energy
generation method is particularly a promising solution and plays an
increasingly important role in driving wearable electronics and
sensor networks in the Internet of Things (IoTs) (6-9). Owing to its
wide distribution and sufficient availability, mechanical energy
harvesting has attracted extensive attention and many mechanisms
have been explored, such as electromagnetic generators (EMGs)
(10, 11), piezoelectric nanogenerators (PENGs) (4, 5, 12, 13), and
triboelectric nanogenerators (TENGs) (14-16), to name a few. Among
them, EMGs, based on Faraday’s law of electromagnetic induction,
are suitable for large-scale power generation. PENGs can convert
tiny physical deformation into electricity to self-power small-scale
devices (4, 17). On the basis of the triboelectrification effect and
electrostatic induction, TENGs have been demonstrated as a cost-
effective, clean, and sustainable strategy to convert mechanical energy
into electricity (18-20) with its comprehensive advantages: light-
weight, small size, a wide choice of materials, and high efficiency
even at low frequencies (21-26).

The output of conventional TENGs has two built-in character-
istics (i.e., AC consisted of pulse series). First, it requires a rectifier
to get a DC output, such as the full-wave rectifier, a rotary rectifier
bridge (27), a double-wheel design (28), or a multiphase rotation-
type structure (29), which takes away its portability advantage. In
addition, when powered by AC, some applications require electro-
magnetic shielding, such as sensor integration, which will reduce
integration degree (30). Second, the pulsed output results in a very
high crest factor, which is a key metric to output instability de-
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fined as the ratio of the peak value to the root mean square value.
This seriously influences its performance in energy storage and
powering electronics (29), where constant DC input is preferred.
Very recently, a continuous DC output has been realized using the
sliding Schottky nanocontact technique; however, the output voltage
is too low (~ 8 mV) to drive electronics directly (31).

To address these issues, a paradigm-shifting TENG is invented
to directly generate constant DC by coupling the triboelectrification
effect and electrostatic breakdown. Its charge density reaches 430 uC m ™2,
which is much higher than that of a conventional TENG limited by
air breakdown. Its voltage increases with load, up to 750 V in our
experiments, making it a possible replacement for batteries in many
applications because it provides excellent constant current power;
moreover, it does not contribute to environmental pollution and
does not incur a recycling cost. The novel DC-TENG demonstrates
effective mechanical energy harvesting to power electronics solely or
to directly charge an energy storage unit simultaneously, which can
greatly accelerate the miniaturization of self-powered systems used in
wearable electronics and IoTs.

RESULTS

Working principle of DC-TENG

Triboelectrification, which refers to the charge transfer between two
surfaces in contact, is the principle behind natural phenomena such
as the amber effect and lightning (Fig. 1A, i). Lightning is caused by
the electrostatic charge accumulation resulting from the triboelectric
effect in a thundercloud and electrostatic breakdown in air, which
releases huge amounts of energy (several billions of joules) that are
very difficult to harvest. TENG, based on the triboelectrification ef-
fect and electrostatic induction, was invented to harvest mechanical
energy from the ambient environment (Fig. 14, ii) (18). However, a
very high electrostatic field will be built in TENG, which also leads
to air breakdown, and will therefore result in unwanted charge
quantity loss and, consequently, quadratic loss in output power
(32, 33). The charge quantity loss can be roughly estimated with
its charge density gap in air and vacuum. With a 50-um polytetra-
fluoroethylene (PTFE) film as the triboelectric layer, 240 uC m™? is
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Fig. 1. Working principle of the DC-TENG. (A) (i) Phenomenon of the triboelectrifi-
cation effect and electrostatic breakdown (lightning) in nature. (ii) Working mecha-
nism of a conventional TENG. (B) A schematic illustration of the sliding mode
DC-TENG. (C) Working mechanism of the sliding mode DC-TENG in full cyclic motion.
(D) Equivalent circuit model of the DC-TENG. (E) Constant current output of the
DC-TENG.

the theoretical upper limit in air (33-35), but 1003 pC m ™ has
been achieved in vacuum (36), where a dominant part is wasted because
of air breakdown.

To harvest energy during electrostatic breakdown, a next-
generation DC-TENG is designed via the triboelectrification effect
and by inducing artificial lightning. It is composed of a charge
collecting electrode (CCE), a frictional electrode (FE), and a tribo-
electric layer (Fig. 1B). The CCE layer is fixed on the side of a slid-
ing acrylic substrate, with a subtle distance to the triboelectric layer,
which is a PTFE layer attached to another acrylic sheet. Here, both
CCE and FE are copper electrodes.

The working mechanism of DC-TENG based on dielectric
breakdown is illustrated in Fig. 1C. In the initial state, the FE is in
left alignment with the PTFE film and is in contact with PTFE, and
there are positive charges on the FE and negative charges on PTFE
caused by the triboelectrification effect (Fig. 1C, i). Because the
PTEE film is an electret, it can hold a quasi-permanent electric charge.
Thus, in the medium state when the slider moves forward under an
external force, a very high electrostatic field is built between the CCE
and the negatively charged PTFE film. As long as it exceeds the
dielectric strength of the air between them, whose value is approxi-
mately 3 kV/mm from Paschen’s law, it can cause the nearby air to
partially ionize and begin conducting. This will result in electrons
flowing from the PTFE to the CCE, thus reducing the potential
difference (Fig. 1C, ii); i.e., the CCE is rationally placed to induce
air breakdown, creating artificial lightning. Instead of allowing
air breakdown to happen spontaneously and having its energy un-
tapped in a conventional TENG, the CCE effectively collects these
charges. The discharging process will continue until FE is in right
alignment with the PTFE film (Fig. 1C, iii). Briefly, the electrons on
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the FE transfer to PTFE via the triboelectrification process and then
they transport to the CCE via electrostatic breakdown and ultimately
to the FE via an external circuit. Because the inner flow direction
of electrons is fixed from the FE to the PTFE film and then to the
CCE, the output electrons will also be in a single direction, i.e., from
the CCE to the FE. When the slider moves backward to the initial
state, no current flows in the external circuit because there is not
enough potential difference across the CCE and the PTFE film
for dielectric breakdown to occur. Thus, cyclic DC can be produced
by periodically sliding the slider. The detailed working mechanism
of the sliding mode DC-TENG during the first cycle is shown in
tig. S1 and note S1.

The physics model of the new DC-TENG is made up of an elec-
tric charge source and a broken-down capacitor composed of the
CCE and PTFE film, as its equivalent circuit briefly demonstrates in
Fig. 1D. The DC resulted from the unidirectional dielectric break-
down of the capacitor producing ongoing conduction current
(Fig. 1E). It is different from a conventional TENG, whose paradigm
is a variable capacitor initially charged by triboelectrification and
generating AC pluses by electrostatic induction (figs. S2 and S3
and note S2). In other words, the charge quantity harvested by the
DC-TENG via dielectric breakdown is a complement of charge
quantity harvested by a conventional TENG via electrostatic induc-
tion, and their union is the whole triboelectric charge quantity. In
this work, we found that the former is larger than the latter. This
new paradigm is easy to generalize via other dielectric breakdowns
and can be further considered as a prototype of lightning energy
harvesting. The detailed mechanism and the precise theoretical
model need to be investigated in future work.

Output performance of the sliding mode DC-TENG
On the basis of the proposed mechanism, two modes of DC-TENG
are designed: the sliding mode and the rotary mode. Figure 2A
shows a photograph of the stator and the slider (inset) of the sliding
mode DC-TENG. Figure 2B shows a SEM image of nanowires on
the surface of PTFE. When the slider moves along the electrification
layer, the corona discharge phenomenon of air breakdown between
PTFE and the CCE is captured (Fig. 2C), which is solid evidence
of the air breakdown occurrence during device operation. We also
measured the surface potential of PTFE to demonstrate that some
electrostatic charges are discharged by electrostatic breakdown
(fig. S4). Figure 2 (D to F) plots the short-circuit current (Isc), trans-
ferred charges, and open-circuit voltage (Voc) of the sliding mode
DC-TENG. The Isc and V¢ are about 1.05 uA and 14.2 V at an
acceleration of 6 m s 2. The transferred charge during one cycle is
up to 157 nC. These all exhibit good DC output characteristics. For
the sliding motion, the Isc increases with acceleration, from 0.375 uA
atlms’to1.05pAat6ms > (Fig. 2G). The V¢ also increases cor-
respondingly, from 4.8 to 14.2 V (Fig. 2I). Note that the transferred
charge is invariant at different accelerations (Fig. 2H) because it is
determined by the collected charge area after triboelectrification, while
the Isc and Vo are relevant with the charge transfer rate. When the
slider moves at a constant speed, the Isc remains stable, such as 0.1 pA
at a speed of 0.05 m s'and 0.77 pA ata speed of 0.4 m st (Fig. 2]).
The Voc also increases with velocity from 1.08 to 9.6 V (Fig. 2K).
The transferred charge of 195 nC is barely affected by velocity during
one cycle (fig. S5).

Furthermore, the charge density of the DC-TENG is compared with
that of a conventional sliding mode TENG under the same conditions.
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Fig. 2. Output performance of the sliding mode DC-TENG. (A) Photographs of the stator and the slider (inset) of the sliding mode DC-TENG (W is the width of the FE
and L is the length of CCE; scale bar, 3 cm). (B) Scanning electron microscopy (SEM) image of nanowires on the surface of PTFE. Scale bar, 1 um. A larger surface curvature
results in an ultrahigh electric field, which is easier to air breakdown. (C) Phenomenon of air discharge in this paper. Scale bar, 1 cm. (D) Short-circuit current, (E) transferred
charges, and (F) open-circuit voltage of the sliding mode DC-TENG. (G) Short-circuit current, (H) transferred charges, and () open-circuit voltage of the sliding mode
DC-TENG at different accelerations. (J) Short-circuit current and (K) open-circuit voltage of the sliding mode DC-TENG at different velocities.

By using the PTFE film and nitrile as the triboelectric materials, the
charge density reaches 330 uC m ™ (fig. S6), which is obviously higher
than that of a conventional sliding TENG (~70 pC m %), which is
limited by air breakdown. After introducing nanostructures on the
surface of the PTFE film via the inductively coupled plasma process
to produce reactive ion etching, the charge density is increased to
430 uC m™2 (fig. S7), which is equivalent to a sixfold enhancement.
If calculated by the area of the FE, the value is up to 2150 uC m ™
that is, a 30-fold enhancement is obtained (table S1).

Liu et al., Sci. Adv. 2019; 5 : eaav6437 5 April 2019

The gap between the CCE and PTFE has a great effect on the
electric field with the potential difference being constant, which is
an extremely important parameter to optimize the output perfor-
mance of the DC-TENG. From fig. S8, the Isc decreases with an
increase in gap. This is due to the gradually decreased electric field
as the gap increases, resulting in fewer electrons for air breakdown
(note S3).

In addition, we fabricated a sliding mode DC-TENG with two
CCE:s at both ends of the slider. The working mechanism of this
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structure is similar to that of the DC-TENG with one CCE, and its
details are shown in fig. S9. Its Isc and transferred charges are briefly
presented in note S4 and fig. S10. There is a current output in the
external circuit when the slider moves backward, and the amount of
transferred charges is doubled during one cycle, compared to the
DC-TENG with a single CCE. It indicates that its output perform-
ance can be rapidly enhanced by simple structure optimization.
Furthermore, the influence of the FE width (W) in the DC-TENG
on the output characteristics is evaluated (note S5 and fig. S11). The
transferred charge and Isc increase with the decrease in the FE
width because of the increase in contact intimacy. In particular, they
are substantially enhanced when the width is smaller than 5 mm,
indicating that the output power can be further improved by decreas-
ing the volume of the DC-TENG and parallelizing the connection

’

of multiple DC-TENGs (fig. S12). It provides an easy and efficient
way to improve the output performance of the DC-TENG to drive
electronic devices requiring more power. As for the length (L) of the
CCE, fig. S13 shows that a higher output is obtained with a longer
CCE. Because the sliding area is directly proportional to the CCE
length when the sliding distance remains constant, more charges will
be obtained with larger frictional area. Furthermore, we also tested
the long-term output current of the DC-TENG. After 3000 s of re-
peated sliding, the output current nearly remains constant, thus con-
firming its excellent stability (fig. S14).

Output performance of a rotary mode DC-TENG
Parallel multiple DC-TENGs are realized by a radially arrayed ro-
tary mode DC-TENG. Its structure is shown in Fig. 3A, which
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Fig. 3. Working mechanism and output performance of the rotary mode DC-TENG. (A) Structural design of the rotary mode DC-TENG. Inset shows a zoomed-in illustra-
tion of its stator. (B) Working mechanism of the rotary mode DC-TENG. (C) Photographs of the fabricated rotary mode DC-TENG. Scale bar, 5 cm. (D) Short-circuit current,
(E) transferred charges, and (F) open-circuit voltage of the rotary mode DC-TENG at different rotation rates (300, 400, 500, and 600 r min™"). (G) Output current of the
rotary mode DC-TENG with various resistances. Inset shows the detailed output current at 1 kilohm and 40 megohms. (H) Output voltage and (I) power of the rotary mode

DC-TENG with various resistances.
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consists of a stator and a rotator. The stator is composed of many
sectors, each unit of which is similar to that of a sliding mode DC-
TENG. All the FEs and CCEs are connected. Electricity generation
relies on the relative rotation between the rotator and the stator
(Fig. 3B), which is equivalent to connect many sliding mode
DC-TENGs in parallel. Figure 3C shows a photograph of the rotator
and the stator.

To reveal the relationship between rotation rate and performance,
we tested the value of output current, speed of charge transfer, and
Voc. When the rotary motor rotates stably, the said values are 5.79 pA,
539 uC s}, and 50 V at 300 r min ' and 17.00 A, 17.81 uCs ™', and
115V at 600 r min ", respectively (Fig. 3, D to F, and fig. $15), which
enables the motor to directly drive electronics and effectively charge
energy storage units simultaneously. The crest factor is very close to 1,

and the average charge is close to the average value of a steady cur-
rent, both of which indicate approximately constant current output
characteristics (tables S2 and S3 and note S6). Applying an external
load, the output current almost remains stable and the output volt-
age increases correspondingly, indicating approximately constant
current output characteristics again (Fig. 3G). The corresponding
output voltage and power are shown in Fig. 3 (H and I), which nearly
increase with the load linearly, from 0.02 to 750 V and from 0.38 pW
to 10 mW, respectively. Because output current (I) remains nearly con-
stant with the increase in load resistance, the output power of the
DC-TENG (P = P°R) has a linear relationship under load resistances
(R). Compared with a conventional TENG, the output current gradually
decreases with an increase in load resistance, wherefore the output
power increases with the load resistances and then decreases.

A |
i Mechanical Functional i
i ** DC-TENG ——-‘ |
| energy sources devices |
{B DC-TENG C s D !
| \ sl s* s
i | @15 / S ¢ i
@ 06 i/ 1 |
! : Vv Load o' O 4l i
: i > 0.5 "’{/ 200 r min™ > ¢ 10 pF i
i i 400 r min™ % 22pF | 1
[ 001 ¢ *600 r min™' q1° 47 pF |
' 0 50 100 150 200 250 300 0 5 10 15 20 25 30 35 |
! Time(s) Time (s) i
E i
! ' IF )/ \ i
| - A |
| j

Time (s) Time (s)

'H
Mechanical ‘ DC- 4 Energy 4 Functional
i energy sources TENG storage unit devices !
‘1 DC-TENG K i
! 150 1.48 i
i [ S 145 s Rest i
E E g g 1.40 :
P g 140 g, !
B T @90 e s
: : O 1.30: 1.28 :
E Kl / Kz ( 0 5 10 15 20 25 30 0 5 10 15 20 25 30 i

Fig. 4. Application of the DC-TENG to drive electronic devices. (A) System diagram and (B) circuit diagram of a DC-TENG-based self-powered system to power elec-
tronics directly. (C) Measured voltage of a capacitor (470 uF) charged by a rotary mode DC-TENG at different rotation rates. (D) Charging curves of capacitors with various
capacitance charged by a rotary mode DC-TENG at a rotating speed of 500 r min~". (E) Photograph of a watch directly driven by a sliding mode DC-TENG. (F) Photograph
of a scientific calculator directly driven by a rotary mode DC-TENG. (G) Photograph of 81 LEDs with stable luminance powered by a rotary mode DC-TENG. (H) System
diagram and (I) circuit diagram of the self-powered system to power electronics with energy storage units. (J) Charging curves of the capacitor when the watch is driven
by a rotary mode DC-TENG simultaneously. (K) Charging curves of the capacitor when the scientific calculator is driven by a rotary mode DC-TENG simultaneously. Scale
bars, 5 cm. Photo credit for (E), (F), (G), (J), and (K): X. Yin, Chinese Academy of Sciences.
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Application of DC-TENG to drive electronic devices

The ability to generate continuous DC output enables the novel
DC-TENG to not only charge energy storage devices directly but
also power electronics solely and directly without a rectifier unit.
Figure 4A shows a diagram of the DC-TENG-based self-powered
system to drive electronics directly, with the corresponding circuit
diagram shown in Fig. 4B. Figure 4C shows the voltage curves of a
capacitor with a capacitance of 470 uF charged directly by a rotary
mode DC-TENG without a rectifier at different rotation rates (200,
400, and 600 r min™"). The charging rate increases with the rota-
tion rates, and the capacitor can be charged to 2 V within 70 s in
600 r min~'. Figure 4D depicts charging curves of different capaci-
tors (10, 22, and 47 uF) charged by a rotary mode DC-TENG at a
speed of 500 r min~', where the 10-uF capacitor can be instantly
charged to 10 V within 6 s. Furthermore, an electronic watch is di-
rectly driven by a sliding mode DC-TENG (Fig. 4E and movie S1).
A scientific calculator can also be driven by a rotary mode DC-TENG
with a diameter of 10 cm and with a rotation rate of 500 r min™"
(Fig. 4F and movie S2). A light-emitting diode (LED) bulb array
(rated power 0.75 W x 81) can also be lit up by the rotary mode
DC-TENG with a rotation rate of 500 r min™* (Fig. 4G and movie S3).
Unlike LEDs driven by the conventional TENG, these LEDs remain
at constant luminance without flashing lights.

The DC-TENG can also act as a power source directly driving
electronics and charging energy storage devices simultaneously by
integrating with an energy storage unit to build a self-powered sys-
tem (Fig. 4H). Taking the capacitor as the storage unit, the circuit
diagram of the system is presented in Fig. 41, where the DC-TENG
and a capacitor are connected directly. The voltage of the capacitor
is monitored by a voltmeter. As shown in Fig. 4], the voltage of the
capacitor decreases when the capacitor powers the electronic watch
alone at first, and the equivalent input current (I,) of the electronic
watch is calculated as 2.05 nA (note S7). While the rotary mode
DC-TENG operates, the voltage of the capacitor increases, indi-
cating that its output energy allows the DC-TENG to power the
device and charge the capacitor simultaneously and sustainably
with a charging current of 10.17 pA. To drive a scientific calculator
with a higher power consumption, the DC-TENG continues to
exhibit excellent output, and the charging current of the capacitor is
8.71 pA (Fig. 4K).

DISCUSSION

In summary, we have achieved the conversion of mechanical energy
into constant output current by designing a next-generation TENG
based on the triboelectrification effect and electrostatic breakdown.
A sliding mode DC-TENG and a rotary mode DC-TENG were
fabricated to demonstrate the new mechanism. In the sliding mode
DC-TENG, its charge density reaches 430 uC m™?, which is much
higher than the value of a conventional TENG limited by air break-
down. In the rotary mode DC-TENG, an Isc of 15 uA and a V¢ of
750 V are attained. The crest factor of this TENG is close to 1, indi-
cating that a constant current output is obtained. Moreover, the
novel DC-TENG is demonstrated to be an effective strategy in
harvesting mechanical energy to directly power electronics or to
charge an energy storage unit without any rectifier. Our findings
not only promote the miniaturization of self-powered systems used
in wearable electronics and sensor networks in IoTs but also provide
a paradigm-shifting technique for TENG to effectively convert me-
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chanical energy into electricity. Furthermore, it can be further con-
sidered as a prototype of lightning energy harvesting.

MATERIALS AND METHODS

Fabrication of the sliding mode DC-TENG

Stator: (i) Cut a rectangle acrylic sheet as the substrate with dimen-
sions of 20 cm (length) by 5 cm (width) by 5 mm (thickness) using
a laser cutter (PLS6.75, Universal Laser Systems). (ii) To achieve
a flexible and fragmental structure, adhere a piece of foam between
the substrate and the PTFE film with the same size, 20 cm by 5 cm.
Use PTFE film as a triboelectric layer. Slider: (i) Cut a rectangle
acrylic sheet as the substrate with dimensions of 3 cm (length) by
1 cm (width) by 5 mm (thickness) using a laser cutter. (ii) Cut a
rectangle copper foil as the FE with dimensions of 3 cm (length) by
9 mm (width) by 50 um (thickness) and paste under the acrylic
sheet. There is a gap of about 1 mm between the copper foil and
the left end of the acrylic sheet. (iii) Cut a rectangle copper foil with
dimensions of 3 cm (length) by 5 mm (width) by 50 um (thick-
ness) and paste on the left end of the acrylic sheet along the ver-
tical direction with a small gap between the surface of the PTFE film
and the copper foil. (iv) Both copper foils are connected by wires
for electrical measurement.

Fabrication of the rotary mode DC-TENG

Rotator: (i) Cut a disc-shaped acrylic as the substrate using a laser
cutter. The substrate has a diameter of 20 cm and a thickness of
3 mm. (ii) Drill a through-hole at the center of the substrate to con-
nect to a commercial motor. (iii) Adhere a piece of foam on the
surface of the substrate with the same size as the buffer. (iv) Paste a
PTFE film, the same size as the triboelectric layer, on the surface of
the foam. Stator: (i) Cut a disc-shaped acrylic sheet as the substrate
(diameter, 20 cm; thickness, 3 mm) using a laser cutter. The sub-
strate has a collection of radially arrayed sectors with a central angle
of 3°. (ii) Adhere another commercial Printed Circuit Board (PCB)
with the same shape and size as the substrate. The PCB has prede-
posited copper on one surface, and there is a gap of about 1 mm
between the copper and the sector edge. The copper foils are mutu-
ally connected at one end as an FE. (iii) Cut many rectangle copper
foils with dimensions of 5 cm (length) by 5 mm (width) by 50 pm
(thickness) and paste them at the left sector edge of the substrate
along the vertical direction with a small gap between the surface of
the PTFE film and the copper foils. All the copper foils are connected
together as a CCE. (iv) Both electrodes are connected by wires for
electrical measurement.

Electrical measurement and characterization

The sliding process was implemented by a linear motor (TSMV120-
1S). The rotary process was driven by a commercial motor
(80BL165S75-3130TK0). A programmable electrometer (Keithley
Instruments model 6514) was adopted to measure the short-circuit
current and transferred charges of the DC-TENG. A mixed domain
oscilloscope (MDO3024) was used to test the open-circuit voltage
of the DC-TENG. The surface potential of PTFE was tested by using
an Isoprobe electrostatic voltmeter (model 279). Humidity was mon-
itored by a commercial humidity sensor. A potentiostat (Bio-Logic
VSP-300, France) was used to test the capacitance of the capac-
itor and the charging/discharging curves of the self-charging power
system.

60f8

T20Z ‘TE yore uo /Bio°Bewaousios saoueApe//:diy woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/4/eaav6437/DC1

Supplementary Materials and Methods

Fig. S1. Working principle of the sliding mode DC-TENG during the first cycle.

Fig. S2. Working mechanism of a conventional sliding TENG.

Fig. S3. Equivalent circuit model of a conventional TENG.

Fig. S4. Surface potential of the PTFE film under different conditions.

Fig. S5. Transferred charges of the sliding mode DC-TENG at different velocities.

Fig. S6. Output performance of the sliding mode DC-TENG where the triboelectric materials
are PTFE and nitrile.

Fig. S7. Charge density of the sliding mode DC-TENG with nanostructured PTFE.

Fig. S8. Short-circuit current of the sliding mode DC-TENG at different gap.

Fig. S9. Working mechanism of the sliding mode DC-TENG with two CCEs at the two ends of
the slider.

Fig. $10. Output performance of the sliding mode DC-TENG with two electrodes at the two
ends of the slider.

Fig. S11. Output performance of the DC-TENG with different FE widths.

Fig. $12. Output performance of the DC-TENG in parallel.

Fig. S13. Output performance of the DC-TENG with different CCE lengths.

Fig. S14. Long-term output current of the sliding mode DC-TENG.

Fig. S15. Average charge at different rotation rates when the rotary motor rotates stably.
Table S1. Charge density of a conventional sliding TENG and our sliding DC-TENG.

Table S2. Crest factor of the rotary mode DC-TENG at different rotation rates.

Table S3. Average charge and the average value of steady current at different rotation rates.
Note S1. Working principle of the sliding mode DC-TENG during the first cycle.

Note S2. Working mechanism and equivalent circuit model of a conventional sliding TENG.
Note S3. Short-circuit current of the DC-TENG at different gap.

Note S4. Output performance of the sliding mode DC-TENG with two CCEs at the two ends of
the slider.

Note S5. Short-circuit current of the DC-TENG with different FE widths.

Note S6. Calculation of the crest factor and average current.

Note S7. Calculation of the equivalent input current of an electronic watch.

Movie S1. An electronic watch is powered directly by the sliding mode DC-TENG.

Movie S2. An electronic calculator is powered by the rotary mode DC-TENG.

Movie S3. LEDs are powered by the rotary mode DC-TENG.
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