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ABSTRACT We report the ﬁrst ﬂexible hybrid energy cell that is capable of

simultaneously or individually harvesting thermal, mechanical, and solar energies
to power some electronic devices. For having both the pyroelectric and piezoelectric properties, a polarized poly(vinylidene ﬂuoride) (PVDF) ﬁlm-based
nanogenerator (NG) was used to harvest thermal and mechanical energies. Using
aligned ZnO nanowire arrays grown on the ﬂexible polyester (PET) substrate, a
ZnOpoly(3-hexylthiophene) (P3HT) heterojunction solar cell was designed for harvesting solar energy. By integrating the NGs and the solar cells, a hybrid
energy cell was fabricated to simultaneously harvest three diﬀerent types of energies. With the use of a Li-ion battery as the energy storage, the harvested
energy can drive four red light-emitting diodes (LEDs).
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T

he purpose of self-powered nanotechnology is to harvest energy in
the living environment to power
small electronic devices.13 Usually, we
can obtain the thermal, mechanical, and
solar energies from our living environment.
Harvesting these types of energies is of
critical importance for our long-term energy
needs and sustainable development.4 However, these energies are not always available
at the same time, depending on day/night,
the weather, working conditions, and some
other cases. The concept of a hybrid energy
cell is to develop a technology to simultaneously/individually harvest these energies
by using an integrated device,5,6 so that the
devices can be powered by using whatever
energy that is available at their working
environment. Although some attempts at
hybrid energy cells for scavenging two
kinds of energies have been achieved,7,8
there has been no report about a hybrid
energy cell that can simultaneously harvest
thermal, mechanical, and solar energies.
This multimode energy harvesting cell has
potential applications for driving micro/
nanosystems.
Currently, pyroelectric nanogenerators
(NGs) have been demonstrated as a potential approach for converting thermal energy
YANG ET AL.

into electricity from a time-dependent temperature ﬂuctuation.9,10 The piezoelectric
NGs have been extensively used to harvest mechanical energy.1113 The nanowire-based solar cells can be used to convert solar energy into electric energy.14,15
Usually, the materials used for the diﬀerent
NGs are diﬀerent, and the methodologies
are diﬀerent, as well. However, for some
materials, such as ZnO, PZT, and PVDF that
have both the pyroelectric and piezoelectric
properties, they can be used for fabricating both the pyroelectric and piezoelectric
NGs.1618 These multifunctional energy materials are important for fabricating the
hybrid energy cells since they can save the
fabrication cost and decrease the total size
of the hybrid energy cell. In this paper,
we demonstrate a ﬂexible hybrid energy
cell for simultaneously/individually harvesting thermal, mechanical, and solar energies.
A PVDF-based pyro/piezoelectric NG was
built on its bottom surface for harvesting
thermal and mechanical energies, which
can directly drive a LCD by using hand
touching. A ZnO nanowire arrayP3HT ﬁlm
heterojunction solar cell was built on the
top surface to harvest solar energy. The
hybrid energies produced by the NG and
solar cells can be stored in a Li-ion battery,
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Figure 1. (a) Schematic diagram of the fabricated hybrid energy cell. (b) Photograph of the bent ZnO nanowire array grown
on an ITO/PET substrate. (c) SEM image of the ZnO nanowire array. (d) Cross-section SEM image of the ZnO nanowire array.

which can drive four red LEDs. Our study demonstrates
an innovative approach for developing integrated
energy technologies for powering micro/nanosystems.
RESULTS AND DISCUSSION
Figure 1a shows a schematic of the fabricated
hybrid energy cell. All of the materials used for the
fabrication are ﬂexible. The bottom pyroelectric/
piezoelectric NG consists of two Ag electrodes and
PVDF ﬁlm. The optical images of the fabricated PVDF
ﬁlm-based pyroelectric/piezoelectric NG are shown
in Figure S1 of the Supporting Information, indicating that the NG can be bent and the surface area is
about 600 mm2. A cross-section SEM image of the
PVDF ﬁlm in Figure S2 shows that the thickness is
about 110 μm. The micrometer size PVDF ﬁlm was
chosen for easy manipulation and just as a model
system in the hybrid energy cell for this study. The
top solar cell device consists of a transparent indium
tin oxide (ITO) ﬁlm electrode, ZnO nanowire array,
P3HT ﬁlm, and Ag electrode. In this study, in order
to avoid the temperature ﬂuctuation eﬀect on the
performance of solar cells, the Ag ﬁlms between
PVDF and P3HT were separated. Figure 1b shows
an optical image of a bent ZnO nanowire array grown
on the ITO/PET substrate, indicating a large ﬂexibility
of the device. The ZnO nanowire arrays were obtained by using a simple solution-based growth
technique. The detailed growth method is given in
Experimental Section. Figure 1c shows a scanning
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electron microscopy (SEM) image of the ZnO nanowire array, revealing that the diameters of the ZnO
nanowires are about 100 nm. The cross-section SEM
image of the ZnO nanowire array in Figure 1d shows
that the length is about 10 μm.
We ﬁrst measured the voltage/current output of
the PVDF ﬁlm-based pyroelectric NG for harvesting
thermal energy. Figure 2a shows the cyclic changes
in temperature of the pyroelectric NG and the corresponding diﬀerential curve. Under the forward connection to the measurement system, a negative
voltage/current pulse (2.5 V/24 nA) was observed
when the temperature was increased from 295 to
314 K, as shown in Figure 2b. When the temperature
was returned to 295 K, there was a positive voltage/
current pulse (3.2 V/31 nA), which is slightly larger
than that of the negative pulse due to the larger
temperature changing rate. The NG was reversely
connected to the measurement system, and the
output voltage and current are shown in Figure 2c.
The obtained opposite signals indicate that the
measured data were generated by the fabricated
NG. According to pyroelectric theory, the pyroelectric current Ip can be given by
Ip ¼ pA

dT
dt

(1)

where p is pyroelectric coeﬃcient, A is the electrode
area, and dT/dt is the temperature changing rate.19
By using the experimental data, we estimated a
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Figure 2. (a) Cyclic changes in temperature of a PVDF ﬁlm-based pyroelectric nanogenerator and the corresponding
diﬀerential curve. (b,c) Measured output voltage and current of the device under the forward (b) and reversed (c) connection
conditions when it was subject to a cyclic temperature change in (a). (d) Measured output voltage and current of the device
after rectiﬁcation.

pyroelectric coeﬃcient of about 44 μC/m2 K, which
is much larger than those of the reported ZnO
and KNbO3 materials-based pyroelectric NGs.9,10
The pyroelectric voltage Vp can be simply expressed as
Vp ¼

pdΔT
(εr  1)ε0

(2)

where d is the thickness of the ﬁlm, ΔT is the change
in temperature, ε r is the relative dielectric constant
of the sample, and ε 0 is the permittivity of free
space. 20 According to eqs 1 and 2, when the temperature of the NG is increased, a negative pyroelectric voltage output signal should be observed
under the forward connection to the measurement
system due to the negative pyroelectric coeﬃcient,
which is consistent with the experimental data
shown in Figure 2b. Both the pyroelectric current
and voltage can be enhanced by increasing the
pyroelectric coeﬃcient of the NG. The alternating
electric output signals of the pyroelectric NG in Figure 2b,
c can be rectiﬁed by a full-wave bridge circuit, resulting in
all output voltage/current pulses being positive in
Figure 2d, which is important for driving some polar
electronic devices. The values of the rectiﬁed output
voltage and current are nearly the same as those before
the rectiﬁcation in Figures 2b,c.
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We also demonstrated that the same PVDF ﬁlmbased NG can be used to harvest mechanical energy.
Figure 3a shows the output voltage and current of the
PVDF ﬁlm-based piezoelectric NG. When a compressive strain was applied on the NG, a positive voltage/
current pulse (0.5 V/20 nA) was observed under the
forward connection to the measurement system, as
shown in Figure 3a. After the compressive strain was
released, a negative voltage/current pulse appeared.
Piezoelectric output pulses with opposite sign were
obtained by switching the polarity for electric measurement, as shown in Figure 3b. The peak width of the
piezoelectric output signals is much smaller than that
of the pyroelectric output signals in Figure 2. Figure 3c
shows the hybrid pyroelectric and piezoelectric output voltage/current by using the PVDF ﬁlm-based NG,
demonstrating its capability of simultaneously and
individually harvesting thermal and mechanical energies. The output signals of hybrid NGs look diﬀerent
from the measured signals of two individual NGs,
which is associated with the heat-induced deformation
of PVDF. Usually, when the NG was touched by a hand,
the temperature of NG was increased and a compressed strain was created in the NG. The hybrid pyroelectric and piezoelectric NGs can be used to directly
drive a LCD (with a display of “66666”), as shown in
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Figure 3. (a,b) Measured output voltage and current of the PVDF ﬁlm-based piezoelectric nanogenerator under the forward
(a) and reversed (b) connection conditions. (c) Output voltage and current of the hybrid pyroelectric and piezoelectric NGs.
(d) Optical image of a LCD driven by the hybrid thermal and mechanical energies, which was induced by hand touch.

Figure 4. (a) Photograph of the fabricated ZnO nanowire arrayP3HT ﬁlm solar cell. (b) IV characteristics of the device under
dark and light illumination conditions. (c) Output voltage and current of the integrated six solar cells in serial connection.
(d) Output voltage of the hybrid pyroelectric (after rectiﬁcation) and solar cells for harvesting thermal and solar energies.
YANG ET AL.
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Figure 5. (a) Schematic diagram of the hybrid energy cell, which includes the pyroelectric nanogenerator, the piezoelectric
nanogenerator, and the solar cells in parallel connection. (b) VT charging curve of a Li-ion battery by using the hybrid NG
and solar cells. (c) Optical image of four red LEDs driven by the charged Li-ion battery.

Figure 3d. The video in the Supporting Information
shows that the LCD can be driven when the hybrid
energy cell was touched by a hand.
In order to use the fabricated hybrid energy cell
to harvest solar energy, the ﬂexible ZnO nanowire
arrayP3HT ﬁlm heterojunction solar cell was fabricated. Figure 4a shows the optical image of the
fabricated solar cell, where the dark area was covered
by a P3HT ﬁlm. Figure 4b shows a photovoltaic performance of the device under dark and light illumination conditions. Under AM 1.5 illumination with
100 mW/cm2 light intensity, the open-circuit voltage
of the solar cell is about 0.41 V and the short-circuit
current density is 31 μA/cm2. To increase the output
voltage of the device, six solar cells were connected in
sequence (in Figure S3), which gave an output voltage
of about 2 V and an output current of about 6 μA, as
shown in Figure 4c. The obtained output voltage/
current signals can be switched in sign when reversely
connected to the measurement system, as shown in
Figure S4. Figure 4d shows the hybrid output voltage of
the solar cell and the pyroelectric NG, where the pyroelectric output signals were rectiﬁed. The schematic
diagram of the measurement circuit is shown in Figure
S5. It can be seen that the pyroelectric NG and the solar
cells can work simultaneously and individually to
harvest thermal and solar energies, respectively.
Figure 5a shows a schematic diagram of the integrated hybrid energy cell, where the pyroelectric and
piezoelectric NGs were connected with a bridge rectiﬁcation circuit (Figure S5) for converting alternating
current (ac) to direct current (dc) signals. The NGs and
the solar cells were connected in parallel, which can
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ensure that there is always a voltage/current output
when either the thermal or mechanical, or solar energy
is available. The hybrid energy cell can work to directly
drive some small electric devices (such as LCD in
Figure 3d) when the point “1” was connected to the
point “2”. Moreover, the hybrid energies can also be
stored in a Li-ion battery when the point “1” is connected to the point “3”. Figure 5b shows the charging
curve of the Li-ion battery by using the hybrid NG and
solar cells, where the voltage of the Li-ion battery can
be charged to about 1.5 V. It can be used to drive four
red LEDs in parallel connection, as shown in Figure 5c.
The purpose of designing the hybrid energy cell is to
ensure that the powering devices can harvest thermal/
mechanical/solar energy that is available in our living
environment.
CONCLUSION
In summary, we have developed the ﬁrst fully integrated ﬂexible hybrid energy cell that consists of a
pyroelectric NG, a piezoelectric NG, and a solar cell,
which can be used to simultaneously/individually harvest thermal, mechanical, and solar energies. Pyro/
piezoelectric NGs are based on a ﬂexible PVDF ﬁlm
with both pyroelectric and piezoelectric properties,
which can be used to drive a LCD by using the handtouching-induced hybrid thermal and mechanical energies. The solar cell device was designed by using a
ﬂexible ZnO nanowire arrayP3HT ﬁlm heterojunction, which can give an output voltage of 0.41 V and
an output current density of 31 μA/cm2. The hybrid
energies were stored in a Li-ion battery, which can be
used to drive four red LEDs in parallel connection. The
VOL. XXX

’

NO. XX

’

000–000

’

E

XXXX
www.acsnano.org

EXPERIMENTAL SECTION
Fabrication of the ZnO Nanowire Array. First, an aqueous solution
of hexamethylenetetramine (HMTA) and zinc chloride (ZnCl2) in
equal concentrations (20 mM) was used in the growth of the
ZnO nanowire array. Ammonium hydroxide (NH4OH) was
added into the solution, where the volume concentration is
about 5%. A transparent PET substrate was sputtered with a
layer of ITO film with a thickness of about 300 nm, which was
used as the conductive electrode. A ZnO seed layer with a
thickness of about 50 nm was then covered on the ITO surface.
The substrate was fixed on a glass substrate and was then put
facing downward into the growth solution, which was put in a
Yamato convection box oven at 368 K for 8 h.
Fabrication and Measurement of the Hybrid Energy Cell. The pyroelectric and piezoelectric NGs were fabricated by using a
polarized PVDF film, which has both pyroelectric and piezoelectric properties. The solar cell device was fabricated by using
the ZnO nanowire arrayP3HT film heterojunction, where the
ITO and Ag films were used as the electrodes. The solar cell was
irradiated at the transparent ITO side by using a solar simulator
(500 W model 91160, Newport) with an AM 1.5 spectrum
distribution calibrated against a reference cell to simulate
accurately a full-sun intensity (100 mW/cm2). The thermoelectric-based heater was used to change the temperature of the
device. A temperature sensor was used to record the temperature of the pyroelectric NG. The light was illuminated on the top
solar cells, and the temperature changes/external forces were
applied on the bottom pyroelectric/piezoelectric NGs when the
pyroelectric, piezoelectric, and solar cells were integrated. The
output voltage and current of the fabricated hybrid energy cell
were measured by using a low-noise voltage preamplifier
(Stanford Research System model SR560) and a low-noise
current preamplifier (Stanford Research System model SR570).
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hybrid energy cells developed here have potential
applications in wireless sensor systems, medical
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