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Enhancing the Output Performance of Triboelectric
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The surface charge density and the output impedance of triboelectric nano-
generators (TENGs) are two critical factors for TENGs to speed up their
commercialization, so it is important to explore unique methods to reduce

performance and relatively low cost have
been demonstrated as a leading candidate
for numerous applications in energy har-
vesting and self-powered sensing.!'! It

the output impedance and increase the surface charge density. Here, an
approach is demonstrated to effectively boost the output performance of
TENG while reducing the output impedance of TENGs by utilizing grating-
electrode-enabled surface plasmon excitation. A sustainable and enhanced
output performance of about 40 pA (short-circuit current) and 350 V (peak-to-
peak voltage at a resistance of 10 MQ) is produced via grating-coupled sur-
face plasmon resonance on the TENG with the aluminum grating electrode
in the line density of 600 lines mm™', and it delivers a peak output power of
3.6 mW under a loading resistance of 1 MQ, giving over 4.5-fold enhance-
ment in output power and a 75% reduction in the output impedance. Finally
a self-powered ultrasonic ranging system is utilized to verify the capability of

the TENG in powering portable electrics.

1. Introduction

As energy crisis has become a serious problem in the world,
intensive research efforts have been devoted to explore
new energy resources. Triboelectric nanogenerators (TENGs) as
a new energy harvesting technology with unprecedented output

plays an increasingly important role with
the fast depletion of fossil fuels. As an
energy harvester, the output characteristic
of the TENGs is the key consideration,
which involves two main aspects: the
surface charge densityl®®l and the output
impedance.®1 Till now, studies have
been conducted on the improvement of
the surface charge density, such as surface
functionalization techniques including
micropatterning ~ surface,''?%  plasma
treatment,?!! or adding chemical func-
tional groups.?>?’! Especially substantial
researches on the TENGs have concen-
trated on making triboelectric layers into
both micro- and nanoscale to achieve
increased surface areas and roughness.l?]
However, there is a lack of effective means to reduce the output
impedance.

Plasmonic energy conversion proposed as a high effi-
ciency scheme to electron-hole separation opens up a wide
range of applications in the field of subwavelength optics,?’]
data storage,’®! nonlinear optics,?’! solar cells,?” and
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biophotonics.!l Several investigations have demonstrated that
surface plasmons can decay into hot electron-hole pairs,[3233
which can significantly change the conductivity.**l Therefore,
it can be assumed that the surface plasmon resonance can
change the output impedance of the TENGs on the basis of
affecting their output performance.

Here, we demonstrated an approach to effectively enhance the
output performance of TENGs via grating-electrode-enabled sur-
face plasmon excitation. It was proposed that the presence of hot
electron-hole pairs decayed from the surface plasmon resonance
could effectively enhance the output of TENGs while reduce their
output impedances. Firstly, we magically found that the grating-
coupled surface plasmon resonance on the digital versatile disks
(DVDs) can significantly enhance the output performance of the
TENG. By comparing several different materials, a sustainable
and enhanced output performance of 110 HA (short-circuit cur-
rent) and 410 V (peak-to-peak voltage at a resistance of 50 MQ)
were produced on the DVD, and it delivered a peak output power
of 14.45 mW under a loading resistance of 2 MQ, giving over five-
fold enhancement in output power. The reduction of the output
impedance by 50% was also achieved. This is because the hot
electron-hole pairs decayed from surface plasmon resonance
could act as negative charge traps to enhance the triboelectric
layer’s capability of capturing charges during contact electrifica-
tion. To further verify this effect, a series of TENGs with different
line densities (0, 100, 300, 600 lines mm™) on the bottom elec-
trode were developed, and the output performance of the TENG
with the line density of 600 lines mm™ on the bottom electrode
exhibits a remarkable improvement by about 4.5 times while its
output impedance is reduced more than four times. Furthermore,
through light and dark treatment experiments, it was further veri-
fied that the enhancement is not due to the instantaneous effect
of surface plasmon resonance, but the hot hole-pairs effect. A
systematical effect of the light intensity and wavelength on the
output of TENG was also acquired. Our findings may also give
new insights into the improvement of the output characteristics of
TENGs and accelerate their commercialization and applications.

2. Results and Discussion

2.1. The Theoretical Model of the Grating-Electrode-Enabled
Surface Plasmon Excitation Enhanced TENGs

The excitation of surface plasmon at a metal-dielectric inter-
face requires that the wave vector of incident light (x,) matches
that of the surface plasmon (). The real part of the &, can be
described as the following formulal®!

o =27 |_Eugp
T A Vet

1)

where 4, is the wavelength of incident light while &y and gy
denote the dielectric constants of the dielectric layer and metal
layer respectively. Since the momentum of incident light in
air is lower than that of the surface plasmon, in other words,
the wave vectors of them cannot match in air, a coupling
method is needed. Metal diffraction grating is one of the most
used methods to excite surface plasmon. Through the grating
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coupling, the surface component of the x;, can be increased (or
decreased) as displayed in Figure S1 (Supporting Information).
If this increase (or decrease) matches g, it will excite surface
plasmon and the relationship can be expressed as

, _2m | &u&p

2r . 2r
Kl =— =—./&psinf, +m— =k, 2
DT e e re | A YORSRRTMIL @)

where 6, is the angle of incidence while m and A indicate the
diffracted order and the grating period, respectively.

It has been demonstrated that the surface plasmons excited
in the metal diffraction gratings can decay on a femtosecond
timescale, producing electron-hole pairs,® a unit as illus-
trated in Figure 1a. Based on this theory, the basic theoretical
model of the grating-coupled surface plasma-enhanced TENG
was constructed. The schematic diagrams of the electricity
generation process of the TENG with grating-coupled sur-
face plasmon resonance are displayed in Figure 1b, where the
TENG has a double-layer structure. The first layer is a piece
of metal foil 1 attached onto poly methyl methacrylatemeth-
acrylic acid (PMMA) as one triboelectric layer. The second
layer is another piece of metal foil 2 with a periodic grating
structure attached onto another PMMA, and a piece of dielec-
tric film which is much more triboelectrically negative than the
metal foil 1 was applied to metal foil 2 with grating structure
as another triboelectric layer.’®! The surface plasmon reso-
nance can be excited on the surface of metal foil 2 with grating
structure under a solar simulator, and it will decay into hot
electron-hole pairs in the time scale of 1-100 fs,3%33 which
will distribute at the interface between the dielectric film and
metal foil 2 (Figure 1b (I)). Under an external force, the metal
foil 1 and dielectric film would be brought into full contact with
each other. Because dielectric film is much more triboelectri-
cally negative than metal foil 1, so electrons would flow from
metal foil 1 into dielectric film, resulting in an accumulation of
net opposite charges on the dielectric film and the metal foil 1
(Figure 1b (II)). When an external force was withdrawn, the
metal foil 1 and dielectric film moved apart and the electrons
would flow from the metal foil 2 to the metal foil 1, resulting in
a forward current signal for the TENG (Figure 1b (III)). Since
the surfaces of the dielectric film and metal foil 2 accumulate
net opposite charges, it was going to create an electric field from
the metal foil 2 to the dielectric film, resulting in the vertical
arrangement of some hot electron-hole pairs. Then the first
layer was completely back to its original position. The electric
field from the metal foil 2 to the dielectric film reached its max-
imum, resulting in the vertical arrangement of all of hot elec-
tron-hole pairs (Figure 1b (IV)). And they would act as nega-
tive charge traps to enhance the dielectric film's capability of
capturing charges during contact electrification.’”? When the
force was reapplied, the electrons flowed from the metal foil 1 to
the metal foil 2, forming a reverse current (Figure 1b (V)). It is
important to note that in this process (III-IV-V) there were only
triboelectric charge pairs without surface plasmon effect. When
the metal foil 1 and dielectric film were brought into full contact
with each other again, the electric field would disappear. But the
vertical hot electron-hole pairs would not fully diminish due to
dielectric hysteresis, resulting in the accumulation of more
net opposite charges on the metal foil 1 and the dielectric film
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Figure 1. Theoretical model of the grating-coupled surface-plasma-enhanced TENGs. a) The generation of hot electron—hole pairs. b) Schematic
diagrams of the electricity generation process of the TENG with grating-coupled surface plasmon resonance. c) Theoretical models of reverse electric

field established by hot electron-hole pairs.

(Figure 1b (VI)). It starts with triboelectric charge pairs increased
by surface plasmon effect in this state (VI), and keeps going to
the next cycle (VI-III-IV-V). In other words, the electric field
generated by triboelectrification will cause the hot electron-hole
pairs decayed from the surface plasmon resonance to align ver-
tically, while the latter can enhance the former in subsequent
contact electrification processes until an equilibrium is reached.
During the periodical contact-separation motion, a periodic
alternating enhanced current (AC) will be generated.
Theoretical models for conductor-to-dielectric contact-mode
TENG whose equivalent circuit is a series of two capacitors
(C; and C,) as depicted in Figure lc. When the equilibrium
is reached, an electric field (E,) will be established by the hot
electron-hole pairs between the dielectric film and metal foil 2,
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and the direction of this electric field will be opposite to that
generated by triboelectrification (E;), as diagramed in Figure 1c.
The total field strength in the capacitor (C,) is weakened,
resulting in a reduced voltage (U) between the dielectric film
and metal foil 2. Assuming that the electric quantity (Q) of the
capacitor (C,) is constant, the capacitor (C,) will increase, which
can be obtained from formula (3)

e
G=5 3)

The equivalent capacitance (C) of the TENG is

C:ﬁ (4)
Ci+C,
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So an increase in C, will lead to an increase in C. The output
impedance of the capacitor is

zz;c (5)
jo

Hence, a reduction of the output impedance will be obtained.

2.2. Performances of the TENGs with Grating Electrode Based
on CDs and DVDs

Gratings on the metal interface have attracted significant inter-
ests for exciting plasma effect. However, to obtain such pat-
terns, very expensive fabrication processes are typically needed
to create the pre-designed nanostructures. Fortunately, it has
been demonstrated that surface plasmon effects can be excited
in the visible light range via inexpensive and disposable plastic
gratings on commercially available compact disks (CDs) and
DVDs.B8¥ Therefore, we first used inexpensive CDs and DVDs
for principle experimental verification.

Based on the above theoretical analysis, finite-different
time-domain simulations were performed to study grating-
coupled surface plasmon resonance on the DVDs, as displayed
in Figure S2 (Supporting Information). First, the DVDs with
and without the metallic bump were simulated respectively.
Figure S2ay,a, (Supporting Information) shows the electric-field
intensity maps of far field and near field of DVDs without the
metallic bump, while Figure S2b;,b, (Supporting Information)
shows the electric-field intensity maps of far field and near field
of DVDs with the metallic bump. It shows a local electric field
was enhanced on the DVDs with the metallic bump. Second,
the DVDs with (Figure S2c), Supporting Information) and
without (Figure S2c;, Supporting Information) grating structure
had been simulated under the condition of incident angle at
20° and p-polarized light at 550 nm. It clearly reveals a strongly
enhanced electric field at the interface of the dye and Al grating.

Inexpensive CDs and DVDs were employed for principle
experimental verification. As sketched in Figure 2a, the TENG
has a double-layer structure. The first layer is a piece of thin
copper foil attached onto a piece of PMMA. The second layer is
a piece of compact disks. The CDs used in this work consisted
of sequential layers of polycarbonate (PC), dye, Al, protec-
tive lacquer, silk screen layers illustrated in Figure 2a, and the
cross-sectional scanning electron microscopy (SEM) image of
it is shown in Figure 2b. Aluminum foil with periodic grating
structure was employed as a metal layer that excites the surface
plasmon effect, which is depicted in Figure 2c. As illustrated
in atomic force microscopy (AFM) image, the grating structure
has a periodicity of =1.6 pm and a depth of =110 nm. The top
layer (PC) of the CDs was employed as one triboelectric layer.
DVDs have a similar disk structure to CDs, except that the
thickness of disc (0.6 mm) is half of that of CDs’ (1.2 mm) and
the periodicity is 0.74 um. In other words, a piece of DVD con-
sists of two substrates, each with a thickness of 0.6 mm.

It can be known from the above analysis, the surface
plasmon resonance can improve the output performance of the
TENGs on the basis of reducing its output impedance. Inex-
pensive CDs or DVDs was employed as one triboelectric layer
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for principle experimental verification as revealed in Figure 2.
The output performance of the TENG was carried out under
a linear motor. The aluminum foil with a grating structure on
the lower layer of the CDs was scraped off gently, and a piece
of aluminum foil without a grating structure was affixed on the
CDs as the contrast device. As revealed in Figure 2d, the out-
puts of the TENG with Al-grating structure are definitely higher
than those without. A sustainable output of 410 V (peak-to-peak
voltage at a resistance of 50 MQ), 110 UA (short-circuit current),
250 nC was produced via grating-coupled surface plasmon res-
onance on the DVDs, while 300 V at a resistance of 50 MQ,
100 pA short-circuit current, 210 nC and 200 V at a resistance
of 50 MQ, 25 pA short-circuit current, 60 nC for the CDs and
the CDs without metal grating structure, respectively. Another
interesting phenomenon is that the outputs of the TENG based
on DVDs are higher than those based on CDs. In other words,
the surface plasmon effect was better coupled on the DVDs.
It is associated with two reasons. One is the thickness of the
DVDs (0.6 mm) is half of that of the CDs (1.2 mm), in other
words, the metal grating structure on the DVDs is half as close
to the triboelectric layer (PC) as it is to the CDs. Another is
the line density of DVDs is higher than that of CDs, which will
be verified in the later experiment.

Based on aforementioned testing results, the output powers
of the TENGs based on CDs without a metal grating structure,
the CDs, and DVDs were also measured with external loads
from 0.01 to 10 MQ, as illustrated in Figure 2e. The top curve
is the instantaneous power point of the TENG based on the
CDs without the metal grating structure, and it can deliver a
peak output power of 2.645 mW under a loading resistance of
5 MQ. The middle and bottom curves are the instantaneous
power points of the TENGs based on the CDs and DVDs. The
peak power of the TENG based on the CDs is 11.25 mW at a
resistance of 2 MQ, while 14.45 mW is for the TENG based
on the DVDs at a resistance of 2 MQ. It shows definitely an
enhancement in output power and a reduction in the output
impedance were achieved via grating-coupled surface plasmon
resonance. Especially, the TENG based on the DVDs gave over
fivefold enhancement in output power and 50% reduction
of the output impedance compared with the TENG without
grating-coupled surface plasmon resonance. Meanwhile, the
charging rate of the TENG based on the DVDs has been sig-
nificantly improved compared with the TENG without grating-
coupled surface plasmon resonance, as presented in Figure S3
(Supporting Information).

To further verify the enhancement of grating-coupled surface
plasmon resonance on the CDs and DVDs, several different
transparent materials (polyethylene (PE), polyethylene tereph-
thalate (PET), polytetrafluoroethylene (PTFE)) were pasted on
the PC layer of the DVDs and CDs respectively, which were
employed as triboelectric layers. Figure S4a;—a; (Supporting
Information) shows the outputs of the TENGs with PE, while
Figure S4b;-b;,c;—c; (Supporting Information) shows the out-
puts of the TENGs with PET and PTFE, respectively. They also
demonstrate that the output of the TENGs with metal grating
structure is definitely higher than those without. However, their
outputs are lower than those with pure DVDs. This is because
the increase of the distance between the hot electron-hole pairs
and triboelectric layer reduces the enhancement effect.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

‘ Polycarbonate
‘ Dye
-

‘@) Protective lacquer

@ Silk screen layer
124.1 nm
Polycarbonate | 18.5nm
s VG, . 20 um
_Aluminum - 15
Protective lacquer
Silk screen layer
DVD CcD None
d 280 F e
. 150  None 3
S 140
& 100 12
S o
o
50 41
> 40|
0 (]
92|
= —~ 264 |
g S s
< ]
< 46} H
= o 176 | @
c =] 2
2 of S 3
5 O 88|
3 > s
46 =
0
5 200} 300 -
£
° 200 |
g 100 |
< 100
o :
[} 3 ) & : i 0 ! H
00 02 04 06 08 1.0 12 14 16 ; 0.01 0.1 1.2 510
Time (s) ! Resistance (MQ)

Figure 2. TENGs with grating electrode based on the CDs and DVDs. a) Schematic of the TENG with a double-layer structure based on the CDs.
b) Cross-sectional scanning electron microscope (SEM) image of the CDs. c) AFM microscopy image showing details of raster structure on the alu-
minum foil. d) The output performance of the TENG based on the DVDs, CDs, and CDs without a metal grating structure. e) The instantaneous power
points of the TENG based on the CDs without a metal grating structure, CDs, and DVDs.

2.3. Fabrication of TENG with Different Line Density
Gratings and Electrical Outputs

The previous analysis shows that the outputs of the TENG
based on the DVDs are higher than those based on CDs,
and it is associated with the difference of their line densities.
So four pieces of aluminum foil with different line densities
(0, 100, 300, 600 lines mm™) were chosen for further verifi-
cation experiment. Figure 3a;—a, shows digital photographs
of the aluminum foil in the line densities of 0, 100, 300, and
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600 lines mm™!. Figure 3b; displays the AFM microscopy image
of the aluminum foil without a grating structure whose rough-
ness is about 200 nm. Figure 3b, presents the AFM microscopy
image of the aluminum foil with the line density of 100 lines
mm™, and from the details we can see the grating structure
has a periodicity of =10 pm and a depth of =367 nm. Figure 3b,
shows the aluminum foil with the line density of 300 lines
mm™! has a periodicity of =3.3 um and a depth of =483 nm.
A periodicity of =1.6 um and a depth of =640 nm for the alu-
minum foil with the line density of 600 lines mm™" illustrated
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Figure 3. The TENG with the aluminum foil in different line densities. a;—a,) Digital photograph of the aluminum foil in different line densities.
by-b,) AFM microscopy image showing details of the aluminum foil in different line densities. c) The outputs of the TENG with the aluminum foil in
different line densities. d) The charge times of the TENG with the aluminum foil in the line density of d;) 0 and d,) 600 lines mm™". e) The maximum

power points of the TENG with the aluminum foil in different line densities.

in Figure 3b,. A Spin coating technique was used to fabricate
the polydimethylsiloxane (PDMS) film with aluminum foil in
different line densities (0, 100, 300, 600 lines mm™?). The fabri-
cation process is shown in Figure S5 (Supporting Information)
and for details, see Methods (Supporting Information).

The output performances of the TENG with the aluminum
foil in different line densities were measured under a constant
contact force from the linear motor. Figure 3c illustrates the
outputs of the TENG with the aluminum foil in different line
densities at a resistance of 10 MQ. As revealed in Figure 3c,
the voltages (at a resistance of 10 MQ) of the TENG with the
aluminum foil in different line densities are higher than those
without, and with the increase of line density of aluminum foil,
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the voltages rise likewise. The maximum value about 350 V
(peak-to-peak voltage at a resistance of 10 MQ) was achieved
for the TENG with the aluminum foil in the line density of 600
lines mm™ which was two times of that without. In current
curves and charge curves, they indicate that the short-circuit
currents and the transfer charges quantity follow a similar
trend with the voltages, and a maximum value of 40 A, 110 nC
were also obtained for the TENG with the aluminum foil in
the line density of 600 lines mm™!. The charging capacities of
the TENG with the aluminum foil in the line density of 0 and
600 lines mm™ are described in Figure 3d. We can see that
the charging rate of the TENG with the aluminum foil in the
line density of 600 lines mm™ has been significantly improved

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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compared with the TENG without grating surfaces and it can
charge a 100 UF capacitor from 0 to 3 V in about 140 s. In order
to further verify the power and impedance characteristics, the
maximum power points of the TENG with the aluminum foil
in the line densities of 0, 100, 300, 600 lines mm™"! were meas-
ured with external loads from 100 KQ to 70 MQ, as shown
in Figure 3e. The output impedance is obviously reduced on
the basis of increasing its power, and a peak output power
of 3.6 mW was achieved under a loading resistance of 1 MQ
for the TENG with the aluminum foil in the line density of
600 lines mm™!, giving over 4.5-fold enhancement in output
power (0.8 mW) and 4.5-fold reduction in output impedance
(4 MQ) compared with the TENG with the aluminum foil in
0 lines mm™2.

It is well known that the surface plasmon effect is a transient
effect, which disappears with the disappearance of light. So the
outputs of TENG with the aluminum foil in the line density
of 600 lines mm™! were measured with lights on and off, as
depicted in Figure S6 (Supporting Information). Unfortunately,
the instantaneous effect was not observed, and the outputs did
not change with the lights on and off. In other words, it is not
the instantaneous effect of surface plasma that increases the
output performances of the TENG. While the hot electron—
hole pair excited by surface plasmon effect dose not disappear
immediately due to dielectric hysteresis. Therefore, in order
to further verify the enhancement effect of hot electron-hole
pair which we mentioned above, two pieces of TENG with the
aluminum foil in 600 lines mm™" were chosen for comparison.
One was placed in light for 4 h while the other one in darkness
for 4 h. The outputs of the TENGs which were placed in dark-
ness are depicted in Figure 4a, and it can be clearly seen that
the outputs had decreased significantly. Later, we placed it in
the light for another hour and measured its outputs. Its out-
puts were restored to the original as illustrated in Figure 4a. It
well verifies our theory of boosting the output performance of
triboelectric nanogenerator via hot electron-hole pairs excited
by grating-coupled surface plasmon resonance. In other words,
hot electron-hole pairs had fully diminished after 4 h in dark-
ness. The outputs of the TENG which was placed in light for
4 h had not improved (Figure 4b), and it is because the number
of hot electron-hole pairs had reached saturation in the original
ray.

An AM 1.5G solar simulator was employed as the excitation
for surface plasmon as depicted in Figure 4c. The solar simu-
lator was calibrated by a silicon reference cell to obtain a light
intensity of 100 mW cm™ as 1.0 times of the sunlight. Experi-
ments of different light intensity (0 times, 0.2 times, 0.6 times,
0.8 times, 1.0 times of the sunlight) indicate that the output of
the TENG with grating-electrode increases with the increase of
light intensity (Figure 4d). The TENG with grating-electrode
was illuminated for 30 min at each light intensity. As is known
to all, when surface plasmon effect occurs, a sharp resonance
dip will be observed in the reflectance of p-polarized light. The
reflectivity curve of the grating-electrode in 600 lines mm™!
was calculated with the plane electrode as reference standard
is shown in Figure 4e, and when the angle of incidence is
38 degrees, a sharp dip peak s clearly observed in 660.5 nm under
illumination of p-polarized light (p-pol). At the same time, the
output of TENG with grating-electrode in 600 lines mm™ was
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measured under 200-400 nm and 400-700 nm, and it demon-
strates that the surface plasmon effects were excited in the vis-
ible light range (Figure 4f).

2.4. Power-Supplying System of the Ultrasonic Ranging System

Some experiments had been finished to demonstrate the
capability of the TENG with the aluminum foil in the line
density of 600 lines mm™ to harvest mechanical energy.
Figure S7a (Supporting Information) displays that the output
of the TENG with the aluminum foil in the line density of
600 lines mm™ remains almost constant after continuous
operation for about 1000 cycles. A temperature sensor was
driven by the TENG through connecting a rectified circuit
and a capacitor of 10 uF in Figure S7b and Video S1 (Sup-
porting Information). Then a self-powered ultrasonic ranging
system was built to verify the capability of the TENG with the
aluminum foil in the line density of 600 lines mm~! in pow-
ering portable electrics, as presented in Figure 5a. Duo to the
output of the TENG is alternating current, a rectified circuit
and a 2000 uF were chosen to convert it to a direct current.
Because the supply voltage of the ultrasonic ranging system
is about 3 V, a buck-boost DC-DC circuit was used to achieve
voltage matching. Finally, the data was displayed in real time
in the monitoring system on a computer. Figure 5b displays
the 2000 UF capacitor was charged from 0 to 5 V in about
30 min. Then turned on the ultrasonic ranging system and
monitored voltages of capacitor (V1) and buck-boost DC-DC
circuit (V2) demonstrated in Figure 5c. When the transceiver
cycle of the ultrasonic ranging system was set to 2s, the stored
power in the 2000 UF could support its operation for 16 cycles.
Figure 5c displays when the output voltage (V1) of the capac-
itor was lower than 0.8 V, the voltage stabilizing effect of the
buck-boost DC-DC circuit failed, and when the output voltage
(V2) of the buck-boost DC-DC circuit was lower than 1.6 V, it
could not support the ultrasonic ranging system. Figure 5d,—d,
shows the partial enlargements of V1 and V2 and it demon-
strates the voltage drops of V1 and V2 when the ultrasonic
ranging system sends and receives data. Figure 5e—f and
Video S2 (Supporting Information) demonstrate an ultrasonic
ranging system powered by the TENG with the aluminum foil

in the line density of 600 lines mm™.

3. Conclusion

In summary, we have demonstrated an approach to effectively
enhance the output performance of triboelectric nanogen-
erator via grating-electrode-enabled surface plasmon excitation.
In addition, it has been proved theoretically and experimen-
tally that the hot electron-hole pairs decayed from the surface
plasmon resonance could effectively enhance the output of the
TENG while reduce its output impedance. First, the effect was
demonstrated via inexpensive and disposable plastic gratings
on commercially available CDs and DVDs. Second, the effect of
different line densities on the enhancement has been studied,
and a peak output power of 3.6 mW was achieved under a
loading resistance of 1 MQ for the TENG with the aluminum

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The effect of light intensity and wavelength on the output of TENG. a,b) The output performance of the TENG with the aluminum foil in the
linear density of 600 after light and dark treatment. c) Lighting system. d) The effect of light intensity on the output of the TENG. ) The reflectivity curve
of the grating electrode in 600 lines mm™". f) The output of TENG with the aluminum foil in the linear density of 600 lines mm~" under 200-400 nm

and 400-700 nm illuminating.

foil in the line density of 600 lines mm™!, giving over 4.5-fold
enhancement in output power (0.8 mW) and 75% reduction
in output impedance compared with the TENG with the alu-
minum foil of no grating line. Furthermore, through light and
dark treatment experiments, it was further verified that the
enhancement was not due to the instantaneous effect of sur-
face plasmon resonance, but the hot hole pairs effect. A system-
atical effect of the light intensity and wavelength on the output
of TENG was also acquired. Finally, the capability of the TENG
with the aluminum foil in the line density of 600 lines mm™
in powering portable electrics has been demonstrated by a self-
powered ultrasonic ranging system. Moreover, our findings
may also give new insights into the improvement of output

Adv. Energy Mater. 2019, 1902725 1902725

characteristics of TENGs and accelerate their commercializa-
tion and applications.

4. Experimental Section

Fabrication of PDMS Films with Grating Bottom Electrode: PDMS
films with grating bottom electrode were prepared successively by
means of defoaming mixer (THINKY MIXER AR-100, THINKY), glue
homogenizer (EasyCoater 4, Schwan technology), and vacuum drying
oven (DZF-6030-T), and the detailed flow is shown in Figure S5a
(Supporting Information). In detail, the PDMS elastomer and the
curing agent (Sylgard 184, Dow Corning) were first thoroughly mixed
in the weight ratio of 10:1 (Figure S5a (I), Supporting Information),

(8 0of11) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Power-supplying system to ultrasonic ranging system. a) Schematic diagram of a self-powered ultrasonic ranging system. b) The charging
curve of TENG with the aluminum foil in the line density of 600 for a capacitor of 2000 uF. c) Output curves of capacitor (V1) and buck-boost DC-DC
circuit (V2) in self-powered ultrasonic ranging system. di—d;) The partial enlargements of V1 and V2. e) Photograph of a self-powered ultrasonic
ranging system.

and then the mixture was thoroughly stirred by a mechanical blender  (Figure S5a (ll), Supporting Information). Four pieces of aluminum
for 5 min to obtain a uniform solution (Figure S5a (I1), Supporting  foil with different line density gratings (0, 100, 300, 600 lines mm™)
Information). After that, the mechanical blender was set as the  were then attached to the bottoms of four petri dishes in a flat
defoaming mode for 2 min to remove the bubbles in the solution  manner, respectively (Figure S5a (Ill), Supporting Information).
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Next, the solution was spin-coated onto the aluminum foil (act as the
bottom electrode) at 300 RPM for 150 s. After all the solution was
initially rotary coated on the aluminum foil, high-speed rotary coating
(1000 RPM) was adopted for 30 s to make the mixed solution more
even (Figure S5a (IV), Supporting Information). Then, the film
was dried at 90 °C for 2.5 h in a hot vacuum oven (Figure S5a (V),
Supporting Information). Finally, PDMS film attached with aluminum
foils was peeling from the petri dish, whereupon thin PDMS film with
grate-like aluminum foil base electrode was obtained as illustrate in
Figure S5b (Supporting Information).

Fabrication of the TENG: The prepared films were cut into
dimensions of 3.5 cm x 3.5 cm to fabricate TENGs. Figure S5c
(Supporting Information) shows the double-layer TENG made of
prepared film. The prepared films with dimensions of 3.5 cm x 3.5 cm
were attached onto some pieces of PMMA (5 cm x 5 cm x 0.3 c¢m)
as one triboelectric layer. The other triboelectric layers were some
thin copper foils with the same dimensions of 3.5 cm X 3.5 cm
attached onto another PMMA (5 cm x 5 ¢cm X 0.3 cm). Then the
two triboelectric layers were attached onto the linear motor and the
support plate, respectively.

Construction of Ultrasonic Ranging System: The outputs of the TENG were
connected to the power end of the ultrasonic ranging system successively
after passing the rectifier bridge (DBS106), capacitor(2000 uF),
and DC-DC circuit (LTC3106). Then the transmitted data were connected
to a computer via a serial port for real-time monitoring.

Construction of Lighting System: The excitation was a solar
simulator (Newport, 2612 A). Spectral curves were measured by
a spectrometer (Ocean Optics USB 2000+). P-polarized light was
generated by a linear polarizer (wp25m-vis).

Characterization: The outputs (voltage, short-circuit current, and
transfer charge quantity) of the TENG (as depicted in Figures 2d,e, 3c—e,
and 4a,b) were acquired by a programmable electrometer (Keithley
model 6514) and a Data Acquisition Card (NI PCI-6259) on a Desktop
PC, and the external excitation was provided by a linear motor (DIY-
37GB330).The voltage data depicted in Figures 4d,e and 5b—d were
acquired by an oscilloscope (ms02024B). The external excitation for
Figure 4d,e was provided by a linear motor (DIY-O1-DC 3-6 V).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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