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ABSTRACT: An efficient thin film acoustic energy harvester was explored using
flexible poly(3,4-ethylene dioxythiophene) (PEDOT) films as electrodes in an all-
organic triboelectric generator (AO-TEG). A thin film AO-TEG structured as
PEDOT/Kapton//PET/PEDOT was prepared by the solution casting polymerization-
(SCP) on the dielectric polymer films. As-prepared AO-TEG showed high flexibility
and durability due to the strong adhesion between the electrodes and the dielectric
polymer. The short-circuit current density (J,.), open-circuit voltage (V,.), and
maximum power density (Pw) reached 50 mA/m? 700 V, and 12.9 W/m?” respectively.
The output current density decreased with the increase in the electrode resistance (R,),
but the energy loss in the organic electrodes was negligible. The AO-TEG could light
up 180 LEDs instantaneously upon touching of the AO-TEG with a palm (~120 N).
With the flexible structure, the AO-TEG was worn as clothes and generated electricity
to light LEDs upon regular human movement. Furthermore, the AO-TEG was
applicable as a thin film acoustic energy harvester, which used music to generate

electricity enough for powering of S LEDs. An AO-TEG with a PEDOT electrode (R, = 200 ) showed instantaneous peak-to-
peak voltage generation of 11 V under a sound pressure level (SPL) of 90—100 dB. The harvested acoustic energy through the
AO-TEG was 350 yJ from the 4 min playing of the same single song. This is the first demonstration of a flexible triboelectric

generator (TEG) using an organic electrode for harvesting acoustic energy from ambient environment.
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B INTRODUCTION

While various sounds are abundant from our living environ-
ment, energy harvesting from these acoustic sources has been
quite inefficient.”” This is because the sound sources from our
living environment contain a rather low frequency range,’
which is limited by the conventional acoustic energy harvesting
mechanism based on piezoelectric phenomena® and electro-
static effects.” Recently, tribo-electrification effect using a
polytetrafluoroethylene (PTFE) film and a porous aluminum
film electrode under carefully designed Helmholtz cavity has
been applied for acoustic energy harvesting.’ Triboelectric
generators (TEGs) based on polymeric films have emerged as a
powerful energy harvesting system and suggest a promising
ways to retrieve energy from cheap polymers.”” Thus, they are
applied to a diverse range of devices, includin?fg, self-powered
sensors'”'" and renewable energy harvesters,"'® to convert
various types of mechanical energy into electricity.

These TEGs generally consist of two different dielectric
layers that are charged oppositely under triboelectric stimuli.
The backside of each dielectric layers is composed of electrodes
so that the generated charges from the mechanical stimuli at the
dielectric layers are harvested through the electrodes.

The dielectric layers in TEGs are generally selected from
common synthetic polymers such as poly(ethylene tereph-
thalate) (PET), poly(methyl methacrylate) (PMMA), poly-
imide, and PTFE, implying that the material costs are extremely
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inexpensive and that such choices could contribute to the
recycling of polymers. Moreover, the fabrication of the
dielectric polymeric layer in a TEG is simple; therefore, large-
area devices could be easily fabricated."*™"”

However, the electrode materials for TEGs are generally
metals and metal oxides, such as AL'® Au,"’ Ag,20 Cu,° T Ag
nanopelrticles,22 and indium tin oxide (ITO). These electrode
materials are deposited through a high-cost and complex
procedure; therefore, naturally inexpensive polymeric tribo-
electric devices become expensive when these electrodes are
applied.

On the other hand, conductive polymer films could be a
viable choice as an electrode material, as they are highly
adherent to dielectric polymer surfaces due to their surface
energy matching23 characteristics and cost-effective processing
steps. Previously, we reported solution-processed highly
conductive PEDOT films, which are prepared from an
EDOT solution containing oxidant, pyridine and poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene gly-
col) (PEPG) to obtain highly conductive PEDOT (PP—
PEDOT). The PP—PEDOT film was successfully used as a p-
type thermoelectric film** and a stretchable and durable
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Figure 1. (a) Schematic image representing the fabrication of an AO-TEG; (i) polymerization by SCP at 70 °C on PET and Kapton, (ii) face to face
assembly of the charged films with (iii) a schematic representation of AO-TEG. (b) Optical image of an AO-TEG and (c) FE-SEM image of the
interface between the (top) PP—PEDOT and PET and the (bottom) Kapton in an AO-TEG (scale bar, 100 ym; inset scale bar, 300 nm) and (d)
UV-spectra of each layer (black, PET; blue, PP—PEDOT; red, Kapton; magenta, gold), (e) adhesion test for the gold electrode on (i) Kapton and
(ii) PET, and PP—PEDOT electrode on the (iii) Kapton and (iv) PET film.

electrode in piezoelectric devices.””> Therefore, PP—PEDOT
could be a viable candidate as an electrode material to realize all
organic triboelectric devices.

Herein, we report a solution-processed flexible AO-TEG with
PP—PEDOT electrodes for harvesting acoustic energy from
musical sound.

B EXPERIMENTAL SECTION

Materials. For the two contacting dielectric layers of triboelectric
generators, PET films (thickness, 220 ym) and Kapton films (SO0HN;
thickness, 125 ym) were purchased from DuraLar and from DuPont,
respectively. Iron chloride hexahydrate (purity 97%), p-toluenesulfonic
acid monohydrate (purity >98.5%), poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (PEPG, weight-
average molecular weight, 2800), 3,4-ethylenedioxythiophene
(EDOT) (purity 97%), pyridine (purity 99.8%), anhydrous methanol
(purity 99.8%), and anhydrous n-butanol (purity 99.8%) were
purchased from Aldrich Chemicals. The anhydrous n-butanol was
used after it was dried through molecular sieves. Iron(IIl) tosylate
(Fe(Tos),;) was prepared from Fe(OH); and p-toluenesulfonic acid
monohydrate under a refluxing condition and purified, as previously
reported.”* >

Preparation of the PP—PEDOT Electrode on PET and
Kapton. The substrates (PET and Kapton) were attached on the
glass. Pyridine (13.54 mg) and PEPG (200 mg) were added to 1 g of
an oxidative solution containing 40 wt % of Fe(Tos); in n-butanol.
After sonification for 1 h to make a homogeneous solution, EDOT
(33.1 uL) was added to the solution, which was then spin-coated on
the prepared substrate at a spin rate of 1500 rpm for 30 s and
subsequently heated at 65 °C on a hot plate. After 2 h of
polymerization, the films were carefully washed in an ethanol bath.
After annealing at 65 °C on a hot plate, the films were washed again
with ethanol and removed by means of blowing N,. A 170 nm thick
PP—PEDOT film with a conductivity of 1300 S/cm was formed on the
PET and Kapton films. They were carefully detached from the glass,
and for the additional experiments, PET and Kapton were cut by
scissors into pieces 6 X 7 cm in size. To make electronic contacts, we

adhered wires with silver paste. The samples were baked in a drying
oven at 70 °C for 2 h to ensure good electronic contacts.

Doping Process of the PP—PEDOT Electrode on PET and
Kapton. An electrochemical doping process was conducted in a 0.1 M
solution of tetrabutylammonium perchlorate (TBAPC) in propylene
carbonate (PC). Because the conductivity of the PP—=PEDOT coated
film is high, it could be used as a self-electrode without a metal or
metal-oxide electrode. Thus, wired polymer film was used as a working
electrode along with Ag/AgCl and a stainless flag as a reference and
counter electrode, respectively. The PP—=PEDOT film was electro-
chemically doped using cyclic voltammetry at a scan rate of 0.01 V/s
and in a voltage range of —1 to +1 V. The samples were then washed
with ethanol and dried with blowing N, gas. During the doping
process, the Kapton and PET were intact without any noticeable
chemical decomposition, as shown in the FT-IR spectra (Figure S1,
Supporting Information).

Fabrication of AO-TEG and Au-TEG. For the triboelectric charge
saturation on the Kapton film and the PET film, both films were
rubbed with Al foil and PTFE film, respectively, resulting in a negative
and a positive charged surface, according to the triboelectric series.”®
Because of this rubbing process using the materials at the edge of the
triboelectric series, the dielectric polymer films could possess high
surface charge density which leads to a huge improvement in the
device performance and surpass the gerformance of the reference
which has the same device structure.'® Then PP—~PEDOT film was
coated onto the charged PET and Kapton films by the solution-casting
polymerization of an EDOT as described above. An AO-TEG was
fabricated with an arch shape by facing the two dielectric polymeric
surfaces against each other in an inner circuit. Polyimide tape was used
to maintain the shape and as the spacers at the two end of the films.
The maximum gap between the dielectric films was 7 mm at the
center. Because of the resilience of the both PET and Kapton films, the
maximum gap was well-maintained even after 30000 cycles of
operation. The outer circuit for the electron flow between the two
PP—PEDOT electrodes, attached on the back sides of the dielectric
polymeric films, was wired to detect the triboelectric effect due to the
charge transfer between two thin polymeric films with opposite tribo-
polarity. Other AO-TEGs with PG—PEDOT were also made similarly.
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Figure 2. (a) J,, (b) V,, and (c) transferred charge density of an AO-TEG. (d) J, at a different frequency of the mechanical press. (e) Effect of the
R, on the output current density and voltage, and (f) Pw of AO-TEG (solid line) and Au-TEG (dotted line). All data for AO-TEG were obtained
with PP-200. Dots are measured values, and lines are fitted curves.

To compare the performance of the AO-TEG, a TEG with gold The conducting polymer electrodes for AO-TEGs were
electrodes was prepared by preparing gold directly onto the bgngide coated on the backside of the contacting dielectric polymer
of the polymer film through a ther'mal evaporation' method. bThe films by a SCP method. As previously reported, both PEPG and
output Voltage and current were ol;?talned from an osc1llosc?pe (Figure pyridine were used for SCP solution, to result in a PP—
S2, Supporting Information). Uniform mechanical pressing (25 N) PEDOT. The surface energy of the PP—PEDOT film was 41.1
was performed on the devices by a homemade vibration motor. The mJ /m2, while that of PET and the Kapton were 31.2 and 37.6
g . .

sizes of the triboelectric generators were 42 cm?® in most cases unless / 2 tivel det ined f t tact 1
described. External load resistors were connected to examine an mJ/m’, respectively, as determined from a water-contact-angle

effective electric power of the TEGs.?® experiment (Table S1, Supporting Information). Therefore, the

Characterization. The electrical conductivity of PEDOT electro- surface energy of both PET and Kapton film were well matched
des was measured with the standard four-point-probe method. The to the PP—PEDOT film, ensuring high adhesion between the
thickness of the electrodes was determined with an Alpha-Step electrode and polymer films and thus stability of a film-type
profilometer (Tencor Instruments, Alpha-Step IQ). A Keithley 6485 harvester over repetitive mechanical stimuli. On the other hand,
picoammeter, a Tektronix DP0O2024 oscilloscope and Keithley 6517B there is a vast difference in the surface energy of both dielectric
electrometer were used for low-noise and precise current/voltage polymer films (PET and Kapton) against metals such as gold.

measurements to detect the currents and voltages generated by the
AO-TEG. The Fourier transform infrared (FT-IR) spectra were
obtained with a Tensor 37 spectrometer (Bruker). A cross-cut tape
test was performed outlined in the ASTM D3359 procedure.”® The
polymer films with PP—=PEDOT or gold were first cut with a razor

As expected from the surface energy matching, the PP—
PEDOT was well adhered onto both of the dielectric polymer
surfaces, and it did not detach from them in a repeated
adhesion test (Figure lejiii,iv). The adhesion strength of PP—

blade to be a cross-hatch pattern. Then, tape (3M Scotch Tape #810) PEDOT on the polymer films is SB category, according to the

was applied to the cross-hatch area followed by pulling the tape back ASTM D3359 procedure using a 3 M tape.

off. The cross-hatched test area was visually identified. In contrast, the gold electrode layer detached immediately
(OB category) during the adhesion test (Figure le,i,ii), The FE-

B RESULTS AND DISCUSSION SEM image of the interface between the electrode and

. . . o dielectric films showed no detectable gap with PP—PEDOT
Prepf':\ratlon and Triboelectric Output of a Thin Film electrodes (Figure 1c). Moreover, the PP—PEDOT showed
Acoustic Energy Harvester AO-TEGs. The preparation much higher transparency than the gold electrode (Figure 1d),

process and a schematic diagram of an AO-TEG, integrated suggesting that it could be applied to a transparent or colored
with a conjugated polymer electrode, are shown in Figure la. product.
To clarify the device structure, Figure lajiii shows the An AO-TEG was fabricated by facing the two dielectric
corresponding cross-section view. PET film and Kapton film polymer layers against each other in an inner circuit, as shown
were chosen as the contacting dielectric layer of AO-TEG in Figure. lab. Referring to the device structure and the
because they are common inexpensive polymers that are working principle reported in an earlier study,® an arched
industrially produced on a large scale. Owing to their high device structure was designed with a maximum gap between the
permittivity (Table S1, Supporting Information), both the dielectric films of 7 mm at the center. The outer circuit for the
Kapton and PET films could accumulate high surface charges, electron flow between the two PP—PEDOT electrodes,
which reportedly remains intact for a long time.”’ attached onto the back sides of the dielectric polymeric films,
16281 DOI: 10.1021/acsami.5b02762
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Figure 3. (a) Generated current (open symbols) and voltage (solid symbols), and (b) Pw of TEGs with electrodes of gold (R, = 0.5 €, red), PP-200
(R, =200 Q, black), PG-10k (R, = 10 k€, blue), and PG-300k (R, = 300 kQ, green), (c) equivalent circuit model for the AO-TEGs using PEDOT
electrodes, (d) the effect of the R, on the R, and Pw, (e) A plot of the simulated current of TEGs with electrodes of gold (R, = 0.5 , red), PP-120
(R, = 120 &, black), PP-200 (R, = 200 &, magenta), PP-1500 (R, = 1500 €, deep blue), PG-Sk (R, = S k€, wine), PG-10k (R, = 10 kQ, orange),
PG-300k (R, = 300 k€, green), and highly resistive virtual electrode (R, = 3 MQ, purple) under different external load resistances. (f) The
comparison of the experimentally estimated J,. (black) and theoretically estimated J. (red) with a different R..

was wired to detect the electricity created by the AO-TEG.
External load resistors were connected to examine an effective
electric power of the TEGs. The area of the AO-TEGs with the
PP—PEDOT electrodes is 42 cm?®
otherwise described.

The operating principle of the AO-TEG with dielectric-to-
dielectric in contact mode in this work is based on the coupling
of contact charging and electrostatic induction." Figure 2a—c
shows the output of an AO-TEG which was made of pristine
PP—PEDOT film (conductivity of 1300 S/cm and resistance of
200 Q; hereafter, PP-200). A high ], of 50 mA/m’ was
generated from the AO-TEG and was nearly identical to that
from a TEG with the gold electrode (Au-TEG), as compared in
Figure 2e. We have determined V,_ with electrometer (Keithley
6514), as shown in Figure 2b. Because the limit of the
instrument was 200 V, we determined the V_. from the
extrapolation of the data in the graph on the voltage versus
external resistance (R;), as shown in Figure 2e. The estimated
V,. of the AO-TEG with PP-200 electrode reached 700 V,
which is also similar to that from the Au-TEG. The AO-TEG
generated a maximum instantaneous Pw of 12.9 W/m* and a
volume power density of 36 kW/m® at a R of ~2.5 MQ.
(Figure 2f)

The ], was slightly increased with an increase in the
frequency of the triggering motor,'® at the low-frequency
region (1—S Hz), and then maximized at S—9 Hz (Figure 1d).
At a very fast velocity (>12 Hz), the J,. of the AO-TEG was
decreased, possibly due to the low restoring force in the
repetitive stimuli, as observed similarly for dielectric polymers
in other TEGs.*® Thus, the AO-TEGs, composed of all-organic
polymer films including organic electrodes, are appropriate to

in most cases unless

16282

harvest energy from lower frequency input and slow mechanical
movement, such as everyday human activity.

Effect of R, on the Triboelectric Output Perform-
ances. Thus far, the electrodes for TEGs have been prepared
with metal or metal-oxide electrodes, which have high electric
conductivity levels of ~10° S/cm. Although the electric
conductivity of PP—PEDOT is hundreds times lower than
that of metals, the short-circuit current and the V. of AO-
TEGs were comparable to the Au-TEG.

To understand the effect of the R, on the triboelectric
output, we examined AO-TEGs with PEDOT electrodes having
different resistivities of 120 € (PP-120) to 300000 Q (PG-
300k). The R, values of PEDOT electrodes were varied by an
additional doping/dedoping of PP-200 and different composi-
tion for polymerization of EDOT. Because the PP=PEDOT
layer is highly conductive, it was used as an electrode itself, and
there was no need to use ITO or other metal electrode for the
electrochemical doping process of PP—PEDOT.** The
conductivity of PP=PEDOT was varied from 2000 S/cm
(120 Q) to 100 S/cm (1500 Q), abbreviated as PP-120 and PP-
1500, respectively, by electrochemical doping and dedoping of
PP-200 at 1.0 V and —1.0 V for 100 s, respectively. For the
highly resistive PEDOT, we prepared PEDOT film by the SCP
method using an EDOT solution containing an oxidant and a
PEPG block copolymer without pyridine to result in a PEDOT
film having a resistivity of 5000 Q (PG-5k), 10000 Q (PG-
10k), and 300 000 Q (PG-300k).

The current in a contact mode TEG is generated by the
charge transferred from the dielectric layer to the electrodes
upon friction or sliding of the dielectric layers. Recently, a
contact-mode V—Q—x model’"** was reported for triboelectric
conversion under a uniform mechanical motion with a constant

DOI: 10.1021/acsami.5b02762
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Figure 4. (a) J,. of an AO-TEG with PP-200, and (b) an Au-TEG with 100 nm thick Au film (black: original state, red: after bending process, blue:
after folding process). (c) The normalized resistance of the PEDOT electrode upon 30,000 cycles of the mechanical stimuli.

velocity. According to the V—Q—x model, the output current
(I), voltage (V) between the two electrodes, and the transferred
charges (Q) as driven by the induced potential in between the
electrodes, are directly affected by the charge surface density
(0), as represented in the Supporting Information, S1.

The surface charge density mainly originates from the
intrinsic material properties and surfaces roughness of the
dielectric polymer layer. The ¢ of the AO-TEG with PP-200
was 65.36 uC/m? which corresponds to 98.6% of o, as
determined from eq 1%

Ay Ep

air®r.

c/0y =

dPng + dair‘c’.rKgrP + ngrP (1)

where d;, dp, and dy are the thickness of air, PET, and Kapton,

respectively; and &, and g, are the relative dielectric constant
of PET and Kapton, respectively.

When the electrodes consisted of PEDOTSs, which have
relatively high resistivity compared to gold electrodes, the
resistance of the system (R) is composed of the R, and R.. The
equivalent circuit model is represented in Figure 3c and the
estimated voltage is represented as follows.>”

v v - 2Red—Q
Crig dt (2)

Therefore, the voltage will be decreased as R, increases
according to eq 2. The resistance in the system (R) affects also I
and accordingly Q of the AO-TEGs. The current and power
output are determined by’'
od
I(t) = ——-2—

(Rl + 2Re)£0

o(dy + x(t))

e

(Rl + 2Re)£0

Xp| — !
(Rl + ZRE)SEO

¢ t 1
At + [ x<f>df>]x A P[(R,+T>s

(dyz + /(;Zx(z)dz)]dz .

and
P(t) = [I(t) R, 4)

The current is also decreased as R, increases according to eq
3. Therefore, the Pw is decreased as R, increases according to
eq 4. However, because the TEGs generate relatively low

current but very high voltage, the loss in Pw from the R, is
negligibly small when R, is smaller than 10 k€. Indeed, the
maximum output power comes from the mega-ohm range of R;,
and thus, it is expected to have tiny loss in Pw with the PP—
PEDOT electrodes under the low R, region.

The effect of R, on the generated current density, voltage,
Pw, and the external resistance required to obtain a maximum
power output (R,) is shown in Figure 3a,b,d and Figure S9,
Supporting Information. The ], of the AO-TEGs based on
PP—PEDOT electrodes (120—1500 Q) is almost the same as
that of Au-TEG, and the highly resistive AO-TEGs based on
PG—PEDOT electrodes (R, = 5—300 kQ2) shows lower short-
circuit current than other TEGs. Interestingly, there was no
detectable decrease in the energy generation (Pw) when we use
the organic electrodes of low resistance (R, < 10 kQ). The
effect of R, on ] is plotted in Figure 3f. Theoretically, we have
estimated the output current of the AO-TEGs using eq 3, as
shown in Figure 3e. The plot on the simulated current density
of the AO-TEGs was well matched to that of the experimental
data (Figure 3f). More details for the effect of R, on R, are
represented in Supporting Information S4.

Thus, these results show that the PP—PEDOT under a
resistance of 10 kQ could be successfully applied as a flexible
electrode in TEGs because of their high voltage output and
high surface energy matching properties with the dielectric
films. Indeed, the flexible AO-TEGs with PP-200 showed
higher Pw than other dielectric-to-dielectric contact mode
TEGs reported in the literature (Table S3, Supporting
Information).

Examination of Triboelectric Output Performance of
AO-TEGSs. PEDOT electrodes are easily created via a simple
solution process (SCP), which should provide a low-cost
continuous process such as the roll-to-roll process or inkjet
printing methods. With a Ry of 2 MQ, the maximum current
density peak and power peak from AO-TEG with PP-200 were
50 mA/m? and 51.2 mW, respectively. With the integration of a
single cycle of the power peak, this corresponds to power
generation of 0.0549 m] (Figure S7, Supporting Information).

The mechanical energy-to-electric energy conversion effi-
ciency of the AO-TEGs could be determined from the
mechanical input energy against electrical output. The
efficiency of the AO-TEGs with PP-200 was determined as
9.04%. (Supporting Information, S3)

As the surface energy of PP—=PEDOT is well matched with
PET and Kapton, the PP=PEDOT electrode is much more
durable than the gold electrode. Furthermore, all AO-TEGs
with PP—PEDOT were flexible enough to produce highly

DOI: 10.1021/acsami.5b02762
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Figure S. (a and b) Instantaneous lighting of 102 blue LEDs and 78 red LEDs with an AO-TEG with (insets) schematic images; (c and d) lighting of
10 green LEDs with common motion of a human with (inset) schematic image; (e) harvesting acoustic energy from a 9 cm* AO-TEG, (inset, top)
lighting up S white LEDs, and (inset, bottom) schematic image; and (f and g, top) scores of the music and (bottom) the harvested waveform from
the music— (f) Psy, “Gangnam Style” and (g) Beethoven, “Moonlight Sonata”. All the experiments were conducted using an AO-TEG with PP-200.

bendable and foldable devices. In the bending test, the AO-
TEGs with PP-200 were quite durable, and they showed the
same J. value even after 30 000 cycles of successive mechanical
stimuli (Figure S7, Supporting Information). As shown in
Figure 4c, the resistance of the organic electrodes was not
increased over 30 000 cycles of mechanical stimuli. This results
show that the use of organic electrodes is beneficial in the
practical application. Interestingly, the AO-TEGs were also
highly durable in the folding test. While the J;. of AO-TEGs was
decreased by less than 5% (Figure 4a), the ], of the Au-TEG
decreased by as much as 75% (Figure 4b) in the same folding
experimental condition (Figure 4a,b and Figure SS, Supporting
Information). In the Au-TEG, several electrical defects could be
observed, possibly due to the breakdown of the Au electrode
during the folding process. Indeed, the electrical resistivity of
the folded gold electrode was infinite, and the electrically
broken area was also observed in the FE-SEM image (Figure
S4, Supporting Information).

Flexible Triboelectric Energy Harvester for Human
Motion. The above AO-TEGs with this very high output
performance could operate various self-power generated
electric devices using a rectifier bridge and an appropriate
electric circuit system. With the AO-TEG of PP-200, we could
turn 108 blue LEDs and 78 red LEDs on with a series
connection of LEDs. Upon snapping the AO-TEG with a palm,
the 180 LEDs were turned on immediately (Video S1,
Supporting Information), which shows that the AO-TEGs
could be a real-time power source for mobile electronic devices.

The AO-TEG could also harvest the energy of human’s
common motion to turn on 10 green LEDs. Because a human’s
common movements generate lower than 2 Hz, the self-lighting
AO-TEGs could be used as an effective energy harvesters for a

wide range of physical energy from human motions. (Video S2,
Supporting Information)

A Thin Film Acoustic Energy Harvester. The AO-TEG
with PP-200 could harvest acoustic energy. As shown in Figure
Se, it could harvest acoustic energy by attaching a film type AO-
TEG (area, 9 cm?) to a speaker (diameter, 2.5 cm). When the
sound pressure level (SPL) was 90—100 dB, 0.15—0.25 V was
generated instantaneously, and the harvested electric energy
was about 350—450 nJ for the 4 min playing of a single song. It
was noteworthy that the harvested waveform is sensitive to the
type of a music. As represented in Figure S, the harvested
acoustic energy for a pop song (Psy, “Gangnam Style”) showed
periodic spikes while a solo piano piece (Beethoven, “Moon-
light Sonata”) showed thicker band under the same SPL of 90—
100 dB. We confirm the signals of the harvested waveform
using the fast Fourier transform methods (Figures S10 and S11,
Supporting Information).

Because the energy harvesting is directly related to the
thickness of the dielectric film, according to eq 1, the acoustic
energy harvesting was further enhanced by using an AO-TEG
with PP-200 having a thin PET layer (50 pm) with all other
layers kept same. The instantaneous peak-to-peak voltage
generation reached 11 V under an SPL of 90—100 dB. The
harvested energy through the AO-TEG was 350 yJ from the 4
min playing of the same single song. Thus, the Pw was 1000
times increased by reducing the thickness of a dielectric layer
(PET; Video S3, Supporting Information).

Interestingly, the thin film acoustic energy harvester is
sensitive to the frequency at similar SPL. The voltage was
increased from 60 Hz of sound source and then maximized
from 360 to 400 Hz (peak-to-peak voltage, 20.1 V). Then, the
voltage was significantly decreased at 560 Hz, and the generated
peak-to-peak voltage became 10.0 V. From 1200 Hz, the thin
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film acoustic harvester could harvest only a tiny amount of the
energy from the sound source. This also could be observed with
S white LEDs. The turn-on voltage of the 5 white LEDs was 15
V and the LEDs were turned on from 70 Hz. The light intensity
of the LEDs was maximized from 250 to 400 Hz, then,
significantly decreased after S00 Hz. At 650 Hz, the thin film
acoustic energy harvester could not light up 5 white LEDs
(Video S4, Supporting Information).

As compared in Table S2 (Supporting Information), the
efficiency of acoustic energy harvesting from our AO-TEG with
PP-200 is superior to that from other methods and other film
type TEGs. This strongly supports the contention that the AO-
TEGs in this work are promising as flexible, durable, and very
effective energy generators, not only for mechanical energy
such as that generated by human motion but also from sound
and noise.

Further optimization and potential application of PEDOTSs
for triboelectric energy conversion and an acoustic energy
harvester structure such as cavity-type acoustic energy harvest-
ers are in progress to optimize the output power of the flexible
AO-TEGs.

B CONCLUSIONS

All organic TEGs with PEDOT electrodes were successfully
prepared from an extremely low-cost solution process. The J.
was as high as 50 mA/m’ and the V,. was ~700 V. The
instantaneous output power reached 12.9 W/m? and the
mechanical power conversion efficiency corresponded to 9.04%
of an AO-TEG with PP-200. The flexible AO-TEG was durable
and foldable with only 5% of decrease on ] after folding
process, implying that the AO-TEGs could be applied on
various wearable devices. The fabrication process does not
require high vacuum, a controlled temperature system, or a
complex process. This study demonstrates a low-cost organic
semiconductor, which can be used as an electrode in TEGs to
harvest mechanical and acoustic energy.
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