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Transparent, flexible and highly efficient power sources are essential
components of mobile electronics and optoelectronic devices. Here,
based on the first generation of the transparent triboelectric nano-
generator (TENG), we demonstrate a simple and innovative design that
can simultaneously improve the output performance and trans-
mittance of the TENG. The improved TENG gives a maximum output
up to 200 V and 7 pA at a current density of ~0.78 pA cm~2. The TENG
shows a high transmittance of ~78%. To deeply understand the nature
of the triboelectric effect, we investigated the influence of the UV—-
ozone treatment, surface properties, and surrounding environment on
the output performance. Integrating the characterization results, we
conclude that the tribocharge generation of the PDMS surface is
probably due to the bond breaking of Si—O-Si groups, and is closely
related to the surface properties and surrounding environment.

1. Introduction

Transparent electronic devices built on flexible substrates are
expected to meet emerging technological demands for the next
generation of flexible electronic and optoelectronic devices.'™ A
suitable energy source is a vital part for realizing fully self-pow-
ered systems. Energy harvesting and conversion technology from
the environment in which the system will be deployed is a
promising route.>® Recently, we have introduced a new concept
on the basis of triboelectrification and electrostatic induction for
successfully converting mechanical energy into electrical energy
at an energy conversion efficiency as high as 50%.'*** Subse-
quently, transparent triboelectric nanogenerators (TENGs) using
indium tin oxide (ITO) or graphene as electrodes have been
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demonstrated, which are the only possible power sources that
light can penetrate through.”**” However, there is a need for a
low-cost and large-area compatible technology for producing
transparent TENGs with high-output power supply, aiming for
applications such as touch screens.

In our previous work, we fabricated a transparent TENG and
pressure sensor by using polyester (PET) and polydimethylsi-
loxane (PDMS) films as flexible substrates to integrate ITO
electrodes.” It has also been demonstrated that the patterned
surface is an effective method to improve the output perfor-
mance of the TENG. However, realizing such a structure is not
trivial in mass production and the patterned structure will
reduce the transparency of the device due to the light scattering
effect. Here, we present a simple, cost-effective and large-scal-
able method for fabrication of highly transparent TENGs. To
improve the output performance and transmittance of the
TENG device, three approaches are employed: (i) using an ITO
film directly as one of the friction surfaces to come into contact
with the PDMS surface, (ii) fabricating an arched structure or
using PDMS spacers between the two films, and (iii) using a flat
PDMS film to improve the transmittance.

Although the triboelectric effect has been known for thou-
sands years, the underlying mechanism is actually very complex
and still under debate. The competing possible mechanisms
appear to include electron transfer, ion transfer, bond dissocia-
tion, chemical changes, and material transfer, and it is likely that
different mechanisms may be involved depending on specific
materials and environmental conditions.’**" Usually, it needs
specialized equipment to characterize the charged surface and
study the mechanism.*** It is worth noting that the output
performance of the TENG can directly reflect the capacity of tri-
boelectrification. Herein, we use this feature to investigate the
mechanism of triboelectrification by examining various factors
that affect the performance of the TENG. Furthermore, another
meaningful outcome of our study is that we explore the mecha-
nism from the microscopic and molecular perspectives using the
methods for surface characterization, which would be beneficial
to the improvement and application of the TENG on a large scale.
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2. Experimental section
2.1 Fabrication of transparent TENG devices

The PDMS elastomer and cross-linker (Sylgard 184, Tow Corn-
ing) were thoroughly mixed in a 10 : 1 ratio (w/w) and degassed
for 30 min. Then the fluid mixture was spin-coated (at 1000
rpm) onto a transparent ITO-coated PET film (Sigma Aldrich)
and cured at 80 °C for 30 min in an oven. Next, another clean
ITO-coated PET film was placed onto the prepared PDMS-PET
substrate and sealed at the two ends. It is noted that the PDMS
surface and the ITO electrode are placed face to face, leaving a
small gap between the two contact surfaces by forming an
arched structure or PDMS spacers. The gap size is about 3 mm.
Two thin copper wires were connected to the ITO electrodes to
form a complete TENG device. The effective size of the device
was 3 cm X 3 c¢m, and the total thickness is about 450 um.

2.2 Electrical output, mechanical and optical measurements

The output voltage and current were measured using a Keithley
6514 System Electrometer and an SR570 low noise current
amplifier from Stanford Research Systems, respectively. A
commercial linear mechanical motor (Linmot Inc.) was used to
make the PDMS and ITO surfaces contact and separate peri-
odically, resulting in a triboelectric potential and an electrical
output in the external circuit. The transmittance of the TENG
device was measured by a UV-vis spectroscopy method with a
UV-3600 spectrophotometer (Shimadzu, Japan). The UV-ozone
treatment of PDMS surfaces was performed in a commercial
UV-ozone cleaner (BZS250GF-TC, HWOTECH Inc.). The contact
angles between water and PDMS were measured using a Drop
Shape Analysis System (Kruess DSA100) at room temperature.
Normal Raman spectra were acquired using a confocal Raman
system (Xplora, Horiba) using a 532 nm laser as the excitation
light. XPS data were obtained with an Axis Ultra Imaging
Photoelectron Spectrometer (Al Ko radiation, hv = 1486.7 eV,
240 W) from Kratos Analytical Co., Ltd.

3. Results and discussion

The detailed fabrication protocol of a flexible transparent
triboelectric nanogenerator (TENG) is illustrated in Fig. 1A. A
piece of a flexible and clean indium tin oxide (ITO)-coated
polyethylene terephthalate (PET) film was used as a substrate
for supporting the PDMS structure. The ITO film on the PET
substrate acts as an induced charge collector and an electrode
for connecting to the external circuit. The liquid PDMS elas-
tomer and cross-linker were mixed, degassed and uniformly
spin-coated on the insulation surface of the substrate. After
curing thermally, a uniform PDMS layer was fixed on the surface
of the PET substrate. The thickness of the PDMS thin film was
controlled within a range of 50 to 100 pm. Finally, the as-
prepared bilayer structure was covered with another ITO-coated
PET film to form a sandwich-structured device. The PDMS
surface and the second ITO electrode are placed face to face,
leaving a small gap between the two contact surfaces by forming
an arched structure or PDMS spacers. The use of an arched
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structure or spacers can significantly improve the output
performance of the TENG, which has been demonstrated in
previous reports.”*** Obviously, the entire fabrication process is
quite simple and low-cost, which can be done automatically on
the assembly line in future for large-scale production, as dis-
cussed in detail later.

The integration of flexible and transparent characteristics is
an important component in the development process of func-
tional TENGs. Fig. 1B-D show a series of images of an as-
fabricated TENG device highlighting the features of flexibility
and transparency. To circumvent the intrinsic problem of light
scattering of the patterned surface, the flat PDMS film is pref-
erable to improve the transparency of the entire device. UV-vis
spectroscopy is used to study the transmittance of each
component, as plotted in Fig. 1D. The commercial ITO-coated
PET film before and after the PDMS layer coating exhibits a
transmittance of about 82% in the visible and near infrared
region. All regions of the TENG are highly transparent and show
a transmittance of ~78%, which is just 5% lower than either of
two components, but significantly higher than the TENG device
with a pattern-featured PDMS film (approximately 50%). We
note that the PDMS surface with nano-patterns of sizes <310 nm
could result in high transmittances above 85% owing to an
effective graded refractive index profile.** This provides us with
another effective way for the development of transparent elec-
tronic devices, but it requires a complicated process and
sophisticated technology.

To investigate the electrical output performance of the
transparent TENG, we made a detailed electrical characteriza-
tion of the device (Fig. 2). During the periodical stress by a linear
mechanical motor at a certain frequency (at 0.33 Hz), the open-
circuit voltage and short-circuit current of a typical TENG device
with a size of 3 cm x 3 cm reach up to 200 V and 7 pA (corre-
sponding to a current density of 0.78 pA cm™?), respectively.
This result is almost ten times as high as that of the previously
reported transparent TENG and also much greater than that of
other types of transparent generators."*™” Compared to the first
generation of the transparent TENG, the dramatic improvement
in the electrical output of the transparent TENG here can be
attributed to the following two reasons. First, compared to the
previous polymer—polymer based TENG, the polymer-electrode
design exhibits a stronger ability to exchange the charges in the
triboelectric process. Meanwhile, the ITO electrode directly as
one of the friction surfaces will reduce the charge loss in the
process of electrostatic induction. Second, the use of an arched
structure or spacers can significantly improve the capacitance
change in the contact and separation process due to the pres-
ence of air voids.**** Moreover, both these structures will
accelerate the separation of two charged surfaces. Faster sepa-
ration is expected to produce larger current peaks than the
slower approach.

Fig. 2C shows the resistance dependence of both output
current and voltage, from 10° Q to 1 GQ. The output currents
decrease with the increasing load resistance while the output
voltages show the reverse trend. Therefore, the effective elec-
trical power of the TENG is closely related to the external load
and reaches a maximum value of 0.45 mW at a load resistance

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (A) Schematic illustration of the fabrication process for the transparent TENG device. The TENG device is composed of a sandwiched
structure with two ITO-coated PET films and a layer of PDMS thin film. (B and C) Photographs of an as-fabricated device being deformed by
human fingers and placed on a colored logo of BINN. The thin film structure of the TENG device exhibits good flexibility and high transparency.
(D) The UV-vis spectrum of the PET substrate, PDMS-coated PET film, and a full TENG device.

of ~30 MQ (Fig. 2D). The high electrical energy generated by a  experimental results indicate that the transparent TENG can be
small TENG device (2.5 cm x 2 cm) was used to directly light up  used as an efficient power source for driving electronics, espe-
50 commercial green LED lamps connected in series without a  cially displays, touch screens, and optical devices, because of its
rectifier bridge or storage units (Fig. 2E and ESIf). The transparent and flexible features.
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Fig. 2 Performance characterization of a typical transparent TENG. (A) Open circuit voltages and (B) short circuit currents of the TENG in
continuous operation with a frequency of 0.33 Hz. The relationships between (C) the output voltage and current. (D) The effective power output
and the resistance of the external load, respectively. The maximum power is received when the external resistance is around 30 MQ. (E)
Photograph of 50 green LED lamps in a series simultaneously lit by a small TENG device (2.5 cm x 2 cm) with no external circuit components.
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The physical model and working mechanism of the TENG by
a conjunction of triboelectrification and electrostatic induction
have been studied and explained clearly in previous studies.****
(see ESIT) However, there are few studies available about the
effect of the changes in the surface composition and molecular
structure of the contact-charged surfaces on the TENG
output.”*** The triboelectric phenomenon depends not only on
the electronic properties of the materials but also on their
elastic and surface characteristics.* Therefore, we can study the
influence of surface structures and properties on the tribo-
electric effect through surface modification methods. Fig. 3A
illustrates the changes in the molecular structure of the PDMS
surface before and after the UV-ozone treatment. Reactive
oxygen radicals produced by UV-ozone will attack the methyl
groups (Si-CHj3) and substitute them with silanol groups (Si-
OH).*>** The surface wettability transition of water droplets on
the PDMS surface also confirmed this point (Fig. 3B and C). It
was found that the water contact angle of the PDMS surface
reduced from 111.5° to 70.8° as a result of the UV-ozone
treatment. Interestingly, the UV-ozone treatment can also affect
the output performance of the TENG. Typically, for a new TENG
device prepared using a freshly cured PDMS film, it will pass
through a triboelectric charging step for a short time during
operation, and then its performance becomes stable (Fig. 3B).
While the UV-ozone treatment will make the PDMS surface
charged, resulting in a full power output from the beginning
(Fig. 3C). Therefore, we can utilize UV-ozone or O, plasma (with
the same effect) to modify the triboelectric surfaces and

A

UV-ozone
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stabilize the output performance. The same conclusion was
established for both the current and voltage output of the TENG
(ESIT). The most likely reason for this is that the tribocharges
may be electrons or ions, mass (such as molecules, mechanor-
adicals) produced by the two surfaces in contact and separa-
tion.”*** As shown in Fig. 3A, the polymer fragments are formed
by UV-ozone as a result of hemolytic and heterolytic bond
breaking and subsequent reaction with atmospheric oxygen
and/or water. Therefore, the UV-ozone treatment encouraged
the PDMS surface to be charged and maintain the charged state.

To validate this hypothesis, we systematically compared the
output performance of the TENG in the atmosphere and in the
glovebox filled with argon gas. As shown in Fig. 4A-C, the output
current of the TENG device performed in the atmosphere is
much higher than that in the Ar atmosphere. All comparisons
between the values of current, voltage and the transferred
charge have the same trend (Fig. 4B and ESI{). These results
indicate that the PDMS surface is very sensitive to atmospheric
oxygen and water in the triboelectric process, the same as the
UV-ozone treatment. In order to eliminate the influence of the
material, we replaced the ITO film with a gold film as the
contact surface and the electrode, which exhibited the same
effect. In addition, the curing time of PDMS will also affect the
performance of the TENG. The longer the time lasts, the lower
the output performance is. The main reason is that a layer of
SiO, like substance will form on the surface with an increase in
the curing time, which makes it harder to break the chemical
bonds in the polymer. Based on the above experimental results,
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Fig. 3

Influence of the UV—-ozone treatment on the surface structure of PDMS and the output preference of the TENG. (A) Schematic illustration

of the changes in the molecular structure of the PDMS surface by UV—-ozone treatment. (B) Before the UV—-ozone treatment, the PDMS surface is
hydrophobic and the measured short-circuit current is gradually increasing. (C) After the UV-ozone treatment, the PDMS surface becomes

hydrophilic and the device is in the state of full power output.
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The enlarged views of a single current peak marked in (A). The amounts of transferred charges from a single displacement have been calculated.
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electrification (4), respectively. (B) XPS spectra and atomic composition of PDMS films before the surface modification, after the UV—-ozone
treatment, or rubbed by an ITO film in an ambient environment, respectively.
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we believe that the tribocharge generation on the PDMS surface
is closely related to the surface properties, the bond breaking of
polymer chains, and the surrounding environment, and so on.
To gain more insights into the nature of the charged surface,
we performed a series of comparative experiments using Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS). From
the Raman spectrum in Fig. 54, it is obvious that some mate-
rials are transferred from the PDMS to ITO surface during the
triboelectric process, resulting in a significant change in the
Raman spectra of ITO surfaces before and after tribo-
electrification. Moreover, the peak at ~495 cm™* assigned to the
symmetric stretches of the Si-O-Si groups disappeared
completely on the tribocharged ITO surface.** It indicates that
the bond breaking of Si-O-Si groups occurred and the charged
polymer fragments being transferred. In other words, the tri-
bocharge generation of the PDMS surface is probably due to the
bond breaking of the Si-O-Si groups. For XPS characterization,
after the UV-ozone treatment, the Si/C and O/C ratios of the
PDMS surface were significantly increased due to the breaking
of methyl groups (Si-CH;) and the formation of silanol groups
(Si-OH). However, there is no difference in the types and ratios
of elements between the triboelectric charged and intact
samples. One possible reason is that the charges or charged
mass produced by triboelectrification decayed with time before
XPS measurements.* To get a deep insight into the triboelectric
mechanism, we need to use sensitive spectroscopic methods for
in situ characterization of the charged product, and further
research into this issue is ongoing. The study of the mechanism
of triboelectric electrification and charge transfer from the
microscopic perspective will help us to reasonably design the
structure and improve the output performance of the TENG.

4. Conclusion

In summary, we have successfully demonstrated a simple and
effective design of a transparent, flexible TENG. It can signifi-
cantly improve the output efficiency by using an ITO electrode
directly as one of the friction surfaces and an arched structure
or spacers in the structure. A maximum output up to 200 V and
7 WA at a current density of ~0.78 pA cm 2, and an effective
electrical power up to 0.45 mW at a load resistance of ~30 MQ,
which is almost ten times as high as that of the previously
reported transparent TENG, is obtained. To circumvent the
intrinsic problem of light scattering of the patterned surface, a
full TENG device prepared with a flat PDMS film shows a high
transmittance of ~78%. We also investigated the influence of
the surface modification and surrounding environment on the
output performance. It is found that the UV-ozone treatment
will make the PDMS surface charged. During the triboelectric
process, the PDMS surface is sensitive to atmospheric oxygen
and water and the output performance in the atmosphere is
much higher than that in the argon atmosphere. We believe
that the tribocharge generation of the PDMS surface is probably
due to the bond breaking of Si-O-Si polymer chains, and is
closely related to the surface properties and surrounding envi-
ronment. The transparent TENG technology exhibits distinct
advantages as a simple, high-powered, cost-effective, and
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scalable approach. Potential applications range from flexible
electronics and low-power portable devices to self-powered
systems for touchscreens, electronic displays, and even opto-
electronics systems.
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