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I Piezoelectric Nanogenerators

A Transparent Antipeep Piezoelectric Nanogenerator
to Harvest Tapping Energy on Screen

Caixia Hu, Li Cheng, Zhe Wang, Youbin Zheng, Suo Bai, and Yong Qin*

With the fast development of electronics, various portable
personal electronic products, such as cell phones and tab-
lets with touch screens, are being extensively used across the
world. We frequently tap the screens to communicate with
each other, control some instruments, or achieve some other
goals. In these conditions, much mechanical energy is gener-
ated during the tapping process. If this mechanical energy
could be collected and converted into electricity to charge
the battery, the working time of these portable devices could
be extended significantly. As a kind of device converting
mechanical energy into electrical energy, nanogenerators!!~'3
(NGs) have the potential to be utilized for harvesting the
tapping energy. Triboelectric NGs have been developed to
harvest the tapping energy in portable electronics.'*1% How-
ever, most touch screens are capacitive, so NGs harvesting
tapping energy must be transparent and shouldn’t shield the
electric field. As a result, it is quite crucial to search for a new
kind of flexible and transparent nanogenerator (FING) to
harvest the tapping energy on capacitive screens.

Compared with triboelectric NGs, piezoelectric NGs have
better environmental adaptability and stronger robustness. It
is however challenging to develop a FTNG with high perfor-
mance. In practice, an effective way to fabricate a flexible NG
with high output has been achieved by mixing inorganic pie-
zoelectric nanomaterial and polymer.'”1] However, these
kinds of NGs are nontransparent and unsuitable to harvest
the tapping energy on screen. Fortunately, the alignment of
the filler in the composite is one of the factors enhancing its
transparency and piezoelectric coefficient. For example, the
light transmittance of aligned carbon nanocoils dispersed in
isopropyl alcohol is two to three times higher than that of
randomly oriented nanocoils.?’! Oriented PbZr s, Tij 4505
(PZT) nanowires/polyvinylidene fluoride (PVDF) composite
film can lead to a larger energy density of 51.6% than that of
a sample with no oriented alignment.[?!! Therefore, aligning
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the piezoelectric materials in a polymer-based composite
NG may be an effective way to enhance its light transpar-
ency and output energy. In previous works, many methods,??!
such as the template-assisted method,[? electrostatic spin-
ning,? hydrothermal,/®! dielectrophoresis,[?*228] uniaxial
strain,?!! liquid crystal-assisted orientation,[?l and surface-
patterning techniques,?%! have been used to align these pie-
zoelectric materials. Among these methods, dielectrophoresis
is a relatively simpler and more convenient one. So in this
work, we prepared the well-aligned PZT nanowires (NWs)/
polydimethylsiloxane (PDMS) composite film (ANWF) by
dielectrophoresis. The light transmittance of high concentra-
tion composite film was increased from 42% of the random
aligned PZT NWs/PDMS composite film (RNWF) to 72%
of ANWE. Based on these films, we fabricated NGs with a
thick Kapton film substrate. The output voltage 0.60 V and
current 3.95 nA of ANWF NG are 88% and 62% larger than
those of RNWF NG, respectively. Furthermore, we fabricated
a FTNG based on low concentration ANWF, which could be
used for collecting the tapping energy on the touch screen of
a cell phone. When the screen was lightly tapped, the output
current of FTNG reached 0.8 nA. At the same time, the
FTNG showed good antipeep properties when it was pasted
onto a screen.

To prepare the ANWE, PZT nanofibers synthesized by
electrospinning®'! were first ground into NWs in an agate
mortar. As is shown in the scanning electron microscope
(SEM) image of Figure 1a, the length and diameter of PZT
NWs were about 4 um and 700 nm, respectively. The X-ray
diffraction spectrum (the insert of Figure la) demonstrates
that the NWs are polycrystalline PZT with a perovskite
structure. The PZT NWs, dimethyl siloxane, and curing agent
were mixed at the mass ratio of 1:10:1, and then filled in the
150 um gap between two pieces of indium tin oxide (ITO)
glass with their conducting layer facing each other. After the
bubbles in the mixture were removed under vacuum, the two
pieces of ITO glass were connected to an alternating current
(AC) power (50 Hz) to supply an electrical field of 1.47 V um™,
and then placed at 25 °C for 24 h to cure the mixture (Sche-
matized in Figure 1b). In this process, PZT NWs were aligned
in the electric field. The ANWF was fabricated after the ITO
glass was removed. The RNWF was fabricated under the
same process with ANWF except for the connection to the
AC power for aligning the NWs.

To clearly observe the alignment of PZT NWs in the films
under SEM, the slices of RNWF and ANWF were treated by
reactive ion etching (RIE)P?34 to have the PDMS etched
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Figure 1. Fabrication of ANWF and RNWF: a) SEM image of the PZT NWs. The inset is PZT NWs’ X-ray diffraction spectrum. b) Schematic image of
the PZT NWs’ orientation process. c,d) Crosssectional-view SEM images of RNWF and ANWF after RIE treatment, respectively. The insets are their
high magnification SEM images. e,f) Top-view SEM images of RNWF and ANWF after RIE treatment, respectively.

and the PZT NWs exposed on the surface of the slices. The
cross-sectional SEM images of RNWF and ANWF are shown
in Figure lc,d, respectively. The view direction is perpen-
dicular to the direction of the electric field. We can see that
NWs in the RNWF are randomly aligned, while NWs in the
ANWEF are aligned well along the direction of the electric
field to form chains. Furthermore, the top view SEM images
of RNWF and ANWEF are shown in Figure le.f, respectively.
Only the end of PZT NWs in ANWF can be observed when
they were viewed along the direction of the electric field.
That is, the NWs in ANWEF are aligned along the view direc-
tion. As for the RNWEF, both ends and sides of the PZT NWs
can be observed, further confirming that the NWs were ran-
domly aligned.

The process, during which PZT NWs aligned along the
direction of electric field and then formed chains, can be
explained by the principle of dielectrophoresis. First, two ends
of PZT NWs will induct opposite charge in the electric field
between parallel-plate electrodes. So the NWs have a torque
along the electric field direction under the electric field force
(Figure 2a).5 Thereby, the NWs will turn along the electric
field direction. Meanwhile, PZT NWs can attract each other

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

along their length direction because of the opposite charges
(Figure 2b). So, PZT NWs form chains along the electric field
direction.l?] And the chains will repel each other because of
charges’ repulsive force (Figure 2c). Finally, the chains stay
repelled at an equal distance to reach an equilibrium state
(Figure 2d).1%!

The process of aligning PZT NWs can be influenced by
electric field intensity and curing temperature (7). When
the electric field intensity increases, the force acting on NWs
will increase. Thus, the NWs will turn along the electrical
field faster, that is, the time needed to orient the NWs will
be shorter. The light transmittance of film will be increased
because the scattering of visible light will be reduced after
the NWs were oriented. The visual result of NWs oriented
in different electric field intensities at different times was
shown in Figure S1 (Supporting Information). Two devices,
which were made of two pieces of ITO glass with the mix-
ture between them, were placed on a piece of paper with
“nano” marks. The mixture under 1.47 V pm™" electric field
needed 2 min to reach an equilibrium state, while the other
under 0.37 V um™" electric field needed 3 h. This confirmed
that the time for orienting the NWs in 0.37 V um™! electric
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Figure 2. Schematic image of PZT NWs’ orientation process in the electric field: a) Two ends of PZT NWs induct opposite charge in the electric field
and NWs will turn along the electric field direction. b) NWs attract each other because of the opposite charges, and the NWs form chains along the
electric field direction. ¢) The chains repel each other because of the repulsive forces of the charges. d) The chains will stay with an equal distance

to reach an equilibrium state.

field is longer than that at 1.47 V um™ when they were cured
at 25 °C. The influence of temperature on the PZT NWs
orientation was shown in Figure S2 (Supporting Informa-
tion). The chains formed with NWs at 100 °C were not well
aligned along the electric field direction, while the NWs were
aligned well at 25 °C. This can be explained as that PDMS
will expand when it is cured at a high temperature.

A previous study has shown that the piezoelectric prop-
erties of piezoelectric particle-polymer matrix composites
can be enhanced by aligning the particles.’”] So the ANWF
was expected to possess higher piezoelectric performance
than RNWE. To verify this hypothesis, NGs based on ANWF
and RNWF were fabricated (see the Experimental Sec-
tion). Their schematic is shown in Figure 3a. The NGs were
polarized at 130 °C by applying a voltage of 1000 V for 1 h
beforehand. Their performance was measured by stretching
(2 N stretching force) the NGs in constant amplitude and
frequency (0.357 Hz) driven by a linear motor. As shown
in Figure 3b, the open-circuit voltages of NGs made up of
RNWF and ANWF are 0.32 and 0.60 V, respectively. And the
short-circuit currents of NGs made up of RNWF and ANWF
are 2.44 and 3.95 nA, respectively (Figure 3c). Compared with
those of the NG made up of RNWE, the output voltage and
current of NG made up of ANWF are increased by 88% and
62%, respectively, which indicates that the piezoelectric per-
formance of ANWF is better than that of RNWEF. To study its
frequency response ability, the NG based on ANWF is tested
under different frequencies. Under a fixed stretching force at

small 2016, 12, No. 10, 1315-1321

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2 N, the linear motor is adjusted to provide a series of fre-
quency, from 0.071 to 0.357 Hz with a step of 0.071 Hz. The
open-circuit voltage and short-circuit current of the NG are
depicted in Figure 3d,e, respectively. This result demonstrated
that the NG had the ability to harvest energy at different
frequencies.

The light transmittance of the films was measured sub-
sequently. Two mixtures were made beforehand. Mixture A
is the PDMS composite mixed with high concentration PZT
NWs (PZT NWs, dimethyl siloxane and curing agent at the
mass ratio of 1:10:1), while mixture B is the PDMS com-
posite mixed with low concentration PZT NWs (the above
mass ratio of 1:20:1). Then four samples were prepared.
Sample A and Sample B are the high concentration RNWF
and ANWE, respectively, which are made up of mixture A.
Sample C and Sample D are the low concentration RNWF
and ANWE, respectively, which are made up of mixture B.
The light transmittance of sample A, sample B, sample C,
and sample D is about 42%, 72%, 60%, and 85%, respec-
tively (Figure 4a). It can be concluded that both orienting
the PZT NWs and decreasing the concentration of PZT NWs
can reduce the scattering of visible light and thus improve the
light transmittance of the films. The different light transmit-
tance of the four samples can be observed more intuitively
from Figure 4b. The four samples were placed on a piece of
paper with “E” marks. We can see that the pattern character
under sample D looks the clearest, followed by sample B,
sample C, and sample A in that order. The larger the light
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Figure 3. Measurement of NG based on ANWF and RNWF at 2 N stretching force: a) Schematic images of the NG’s structure and working process.
b) Open-circuit voltage and c) short-circuit current of NGs with RNWF (Un-oriented) and ANWF (Oriented) at a frequency of 0.357 Hz. d) Open-circuit
voltage and e) short-circuit current of the NG based on ANWF under different frequency.

transmittance, the clearer the pattern character under the
films. In order to choose a suitable thickness of low concen-
tration ANWE, their light transmittance and the output of the
FTNGs based on them are measured (Supporting Informa-
tion, Figure S3). The light transmittance decreases and the
output increases with increasing thickness. Taking these two
factors into consideration, we choose an ANWF with 150 pm
thickness in order to obtain a relatively larger light transmit-
tance and output. As mentioned before, the NWs in ANWF
formed chains array, which had an anisotropic structure for
light propagation. The angle between normal direction of film
and view direction is defined as 6. The transmissivity (Z./1,),
i.e. the ratio of the emergent light (/.) and incident light (Z;)
at different angles of 6, was detected by the photolumines-
cence detector. When 6 is 0°, 20°, and 40°, the transmissivity
of ANWF with 4.35 wt% PZT NWs is about 95%, 75%, and
20%, respectively (Figure 4c). In order to show the prop-
erty of antipeep intuitively, the ANWF was put on a piece
of paper printed with the word “nanogenerator.” The word

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

“nanogenerator” became blurred gradually with the increase
of viewing angle. These results indicate that the ANWF has
good antipeep property.

Because of the ANWEF’s flexibility, excellent light trans-
mittance, piezoelectric property and good antipeep property,
it is expected to be used in harvesting the tapping energy on
touch screen. So we further fabricated a FTNG with interdig-
ital pattern as shown in the schematic Figure 5a based on the
low concentration ANWF (the detailed fabrication process is
given in the Experimental Section). After being fabricated,
the FTNG was polarized at 130 °C under a voltage of 1000 V
for 1 h beforehand and then pasted on a cell phone’s screen.
We can see the pattern in the screen looked clear when 6 is
0°, and it became blurred as 6 increased from 0° to 40°. It
showed that the FTNG had good transparency, good anti-
peep property and no color difference on the touch screen
(Figure 5b). Then FTNG was lightly tapped (see the video
and Figure 5c), which made it output a short-circuit current
of 0.8 nA (Figure 5d) and an open-circuit voltage of 60 mV

small 2016, 12, No. 10, 1315-1321
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Figure 4. Optical property of ANWF: a) The light transmittance of ANWFs and RNWFs with different concentrations of PZT NWs. b) Optical images of
ANWFs and RNWFs with different concentrations of PZT NWs put on a piece of paper with “E” marks. ¢) The transmissivity (/1) of low concentration
ANWF when 6is 0°, 20°, and 40°. d) Optical images of low concentration ANWF put on a piece of paper with “nanogenerator” mark viewing at 0°,

20°, and 40°.

Figure 5. FTNG and its application on touch screen: a) Schematic image of the structure of FTNG. b) Optical images of FTNG pasted on cell phone
when 6is 0°, 20°, and 40°. c¢) Photograph shows that FTNG harvests the tapping energy on cell phone screen. d) Short-circuit current of FTNG pasted

on cell phone screen driven by finger tapping.
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(Supporting Information, Figure S4). During the whole pro-
cess, the cell phone worked well and was not influenced by
FTNG, illustrating that the FTNG can successfully harvest
tapping energy on a touch screen. And the output of sliding
mode is seen in Figure S5 (Supporting Information). In order
to test its reliability, the output of FTNG was measured each
24 h for 3 days after being polarized. (Supporting Information,
Figure S6) It can also harvest the tapping energy 3 days later.

In summary, we prepared ANWF by dielectrophoresis.
The PZT NWs in ANWF were well aligned along the direc-
tion of electric field. The output voltage and current of ANWF
NG were obviously larger compared with those of RNWF
NG, which indicates that ANWF’s piezoelectric performance
is much higher than RNWF’s. Moreover, ANWF has better
light transmittance than RNWF and it can be used as anti-
peep film because of the well aligned PZT NWs in ANWE
We further fabricated FTNG based on ANWF and success-
fully harvested the tapping energy on screen. The output cur-
rent of 0.8 nA was obtained and the cell phone worked well
without being influenced by FTNG. Additionally, the FTNG
played an important role in protecting privacy.

Experimental Section

RIE Treatment of ANWF and RNWF: The ANWF and RNWF were
placed into the chamber, then evacuated to a base pressure of
1 x 107 Pa. 0, and CF, were introduced at a flow rate of 54 and
14 sccm, respectively, and the glow discharge was ignited at 100 W
in a working pressure of 0.6 Pa for 50 min.

Fabrication of NGs Based on ANWF and RNWF: Ag was sputtered
on Kapton film substrate (3.0 cm x 3.5 ¢cm) with 250 um thickness
as an electrode. Then the ANWF (1.0 cm x 1.2 cm x 0.015 cm) or
RNWF (1.0 cm x 1.2 cm x 0.015 cm) was stuck on the substrate.
Subsequently, double side silver-plated PET film (0.8 cm x 1.0 cm)
with 100 pm thickness was pasted on high concentration ANWF
or RNWF served as the top electrode. Cu wires were attached to
the electrodes by carbon paste. Finally, a package layer of PDMS
covered the device and the NG was fabricated completely.

Characterization: The light transmittance was obtained using
TU1901 spectrometer by BaSO, as a reference. The light detector
of Fluorlog-3 spectrofluorometer equipped with 450 W xenon
lamps (Horiba Jobin Yvon) is used to measure the light intensity
at different angles of 6. A LED flat lamp acts as a light source. And
then the film is placed on the surface of the LED. The light intensity
at a different angle 6 is measured again.

Fabrication of FTNG: Two pieces of cover glasses with interdigital
shaped ITO electrode were set face to face acting as top and bottom
electrodes. Then the low concentration ANWF was placed between
the two electrodes and Cu wires were attached to the electrodes by
carbon paste. Finally, the electrodes were packaged by PDMS.

Supporting Information

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