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A One-Structure-Based Hybridized Nanogenerator
for Scavenging Mechanical and Thermal Energies by
Triboelectric–Piezoelectric–Pyroelectric Effects
Shuhua Wang, Zhong Lin Wang,* and Ya Yang*
Converting mechanical and thermal energies from the environment into electric energy has attracted increasing attentions
in the past decade not only for dealing with the global energy
crises, but also for achieving self-powered electronics.[1–6] However, since the mechanical and thermal energies are not always
available at the same time, it is expected to develop a hybridized
nanogenerator to simultaneously/individually scavenge the two
kinds of energy. Previous investigations are mainly focused
on how to integrate the different nanogenerators in series or
in parallel.[7–11] In fact, some nanomaterials have multiphysical properties, such as poly(vinylidene fluoride) (PVDF) with
piezoelectric, pyroelectric, and triboelectric properties,[12–15]
which may be utilized to fabricate a hybridized nanogenerator
with a one-material structure but exhibiting different functions
for simultaneously scavenging different kinds of energy. Due
to that the different nanogenerators have the same materials
and current/voltage circuits, the coupling effect may appear in
the hybridized device. It would be highly desirable to develop
this kind of hybridized nanogenerator not only to miniaturize
the device but also to couple the advantages of nanogenerators
based on different mechanisms for realizing high output performance. Although the individual piezoelectric, triboelectric,
or pyroelectric nanogenerators have been extensively investigated,[16–21] there has been no report on a single device that can
simultaneously scavenge mechanical and thermal energy by
utilizing the piezoelectric, triboelectric, and pyroelectric effects.
In this work, we fabricated a highly transparent, flexible,
and hybridized nanogenerator based on a PVDF nanowires–
poly(dimethylsiloxane) (PDMS) composite film as the triboelectric layer, a polarized PVDF film as both the piezoelectric and
pyroelectric layers, and indium tin oxide (ITO) electrodes. The
transmittance of the PVDF nanowires–PDMS composite film
as the triboelectric material layer exhibited a controlled modulation effect with the changing ratio of up to 95% by utilizing the
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stretched strain and heated temperature. The hybridized nanogenerator with a one-device structure and the same electrodes
can simultaneously deliver output current/voltage signals of
triboelectric nanogenerators (TENGs), piezoelectric nanogenerators (PiENGs), and pyroelectric nanogenerators (PyENGs).
As compared with the TENG–PiENG or the PyENG, the hybridized nanogenerator has a much better charging performance
for a 10 μF capacitor.
Figure 1a illustrates a scanning electron microscopy (SEM)
image of the random-oriented PVDF nanowires through the
electro-spinning method, where the diameters of the PVDF
nanowires are ranged from 200 to 500 nm. As displayed in
Figure 1b, the cross-section SEM image of the PVDF nanowires–PDMS composite film indicates that the PVDF nanowires
were fully dispersed in the PDMS film and the thickness of
the PVDF nanowires–PDMS composite film is about 40 μm.
To understand the crystal structure of the composite film,
X-ray diffraction (XRD) spectra of PVDF nanowires, PDMS,
and PVDF nanowires–PDMS composite film were measured,
as displayed in Figure 1c. The crystallization of PVDF nanowires is mainly β-phase (2θ = 20.7°) and α-phase (2θ = 17.9°),
while the peak at 2θ = 12° is due to the PDMS film.[22,23] In
this study, the PVDF nanowires–PDMS composite film was
utilized as the transparent triboelectric materials for the TENG
devices.
It is very interesting to observe that the stretched strain can
induce a change in the transmittance of the PVDF nanowires–
PDMS composite film. As displayed in Figure 1d, the transmittance of the composite film was found to increase with
increasing the wavelengths ranging from 250 to 900 nm. The
transparency of the composite film was found to decrease drastically after the first stretching treatment. To clearly observe the
change in transmittance of the composite film, the composite
film was placed on a paper with printed text. As visualized in
Figure 1e, the composite film is transparent in the initial state.
After the composite film was stretched, the transmittance of
the composite film was decreased, resulting in that the printed
text cannot be seen on the paper, as displayed in Figure 1f.
Moreover, after the stretched composite film was heated at
250 °C for 1 min, the transmittance of the composite film can
be recovered to the initial state, as illustrated in Figure 1g. The
changing process of the transmittance due to the stretched
strain and heated temperature can also be seen in Movie S1
(see the Supporting Information). To investigate the repeatability of the change in transmittance for the PVDF nanowires–PDMS composite film due to the stretched strain and
heated temperature, the transmittance of the composite film
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δ=

Theated − Tstretched
Theated

(1)

where Theated is the transmittance of the
stretched composite film after the heat treatment and Tstretched is the transmittance of
the stretched composite film. As depicted
in Figure 1j, the change ratio of transmittance exceeds 95% at all the different
measurement times. Moreover, the PVDF
nanowires can be grown on a large scale,
as illustrated in Figure 1k. The modulation
of the transmittance by applying stretched
strains and heated temperatures has potential applications in smart windows and safety
monitoring.
Usually, the transmittance of a film is
an indicator of the miscibility of polymer
blends.[24] The obtained PVDF nanowires
have a high porosity and the small dimensions. The blend of PVDF nanowires and
PDMS has a high transmittance at room
temperature, indicating that the PVDF
nanowires have a good miscibility with the
PDMS.[24] Stretching will induce the separation between the matrix and the dispersed
phase. Due to the difference in the anisotropic refractive indices between the matrix
and the dispersed phase,[25] the transmittance
of the composite film will be decreased under
the stretched condition. When the stretched
composite film was heated at 250 °C, the
separation between the matrix and the dispersed phase can be decreased due to the
melting of PVDF nanowires to achieve a
good miscibility with PDMS. Thus, the light
transmittance of the composite film can
be dramatically increased under the heated
temperature of 250 °C.
Figure 2a illustrates a schematic diagram
of the hybridized nanogenerator including a
PVDF nanowires–PDMS composite film and
a poled PVDF film with the ITO electrodes
on both surfaces. The hybridized nanogenerator integrates the TENG–PiENG and the
PyENG into one device and same output
Figure 1. a) SEM image of PVDF nanowires. b) Cross-section SEM image of PVDF nanoelectrodes. The flexible and transparent
wires-PDMS composite film. c) XRD patterns of PVDF nanowires, PDMS, and the composite film. characteristics of the device can be clearly
d) Transmittance of the composite film. e) Photograph of the composite film at the initial state.
observed in Figure 2b,c, respectively.
f) Photograph of the stretched composite film at the first time. g) Photograph of the composite
The hybridized nanogenerator was fixed
film after the first heat treatment. h,i) Transmittance of the composite film after h) the heat
in an acrylic tube, where a flexible Nylon
treatment and i) the stretched treatment. j) Transmittance change ratio of the composite film.
film was used as an oscillating membrane
k) Photograph of the large-scale PVDF nanowires.
to produce the periodic contact and separation between the Nylon film and the PVDF nanowires–PDMS
was measured under different heated and stretched times, as
composite film. Figure 2d–f displays the working mechaillustrated in Figure 1h,i, respectively. The stretched composite
nism of the hybridized nanogenerator. Under a compressed/
film exhibits a good repeatability to recover the transparent
stretched stain on the poled PVDF film, the piezoelectric nanostate after the heat treatment. The stretched composite film has
generator can produce output current/voltage signals due to
a low transmittance with a ratio of below 5%. The change ratio
the change in polarization intensity, as depicted in Figure 2d.
δ of transmittance can be given by Equation (1):
2
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to the bottom ITO electrode due to electrostatic induction effect, which can result in
the observed output current/voltages. The
dynamic process for the flow of electrons is
determined by both the triboelectric charges
and the electrostatic induction. As displayed in Figure 2f, the mechanism of the
PyENG is based on the thermally induced
random wobbling of the electric dipole
around its equilibrium axis.[20,21] When the
poled PVDF film is cooled down, the spontaneous polarization will be enhanced since
the electric dipoles oscillate within a smaller
degree of spread angles due to lower thermal
activity.[26] Due to electrostatic induction, the
change in the spontaneous polarization can
drive electrons to flow between the two ITO
electrodes. When the temperature applied
onto the poled PVDF film recovers to room
temperature, the electric dipoles oscillate
within a larger degree of spread around their
respective alignment axes than that in cooled
state; thus, the spontaneous polarization can
be decreased, resulting in a flow of electrons
in a reverse direction.
Figure 3a depicts the measured output
current and output voltage signals of the
TENG–PiENG under an air flow speed of
about 15 m s−1, indicating that the output
current is about 20 μA and the output
voltage is about 0.6 V under a loading resistance of 400 kOhm. To identify the respective contributions of TENG and PiENG to
the obtained current/voltage signals, a controlled experiment of using a PET film to
replace the poled PVDF film for a TENG
has been achieved so that there is no PiENG
in the device. As displayed in Figure S1a,b
(Supporting Information), the TENG can
deliver an output current of about 1.5 μA
and output voltage of 0.4 V under a loading
resistance of 400 kOhm. As compared
with the output current and voltage signals in Figure 3a, it can be seen that the
TENG has a much larger contribution to
the output voltage than that of the PiENG,
while the PiENG has a much larger contribution to the output current than that of the
Figure 2. a) Schematic diagram of the hybridized nanogenerator. b) Photograph of the flexible TENG.
hybridized nanogenerator. c) Photograph of the polarized PVDF film with the ITO electrodes
When an external loading resistance
on both surfaces. d–f) The working mechanisms of the PiENG (d), the TENG (e), and the
was connected with the nanogenerator, the
PyENG (f). The magnitude of angle beta is smaller than that of the α, and the magnitude of
output current dropped with increasing
angle γ is larger than that of the α.
loading resistance, while the output voltage
increased with increasing loading resistance. The correFor the TENG in Figure 2e, the electrons on the nylon film
sponding output power of TENG-PiENG increases in the
will be transferred to the surface of PVDF nanowires–PDMS
resistance region from 1 to 20 kOhm and then decreases
composite film due to the different triboelectric polarities.
under a larger loading resistance (from 20 to 400 kOhm),
When the separation between the Nylon film and the composite
where the output power was calculated by I2R, where I is the
film appears, the triboelectric charges on the composite film
will induce the flow of electrons from the top ITO electrode
output current and R is the loading resistance, as depicted
3
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in Figure 3e, the largest output power of
PyENG is about 6.05 μW under a loading
resistance of 1.5 GOhm, which was calculated by using I2R. By calculating the voltage
data, the largest output power of PyENG
is about 5.04 μW at a loading resistance
of 1.5 GOhm, as displayed in Figure 3f.
Although the output powers of the PyENG
are slight different due to the different calculated methods, the same impedance values
of 1.5 GOhm can be confirmed by analysis
of the measured current and voltage data.
To understand the relationship between
the TENG–PiENG/PyENG and the hybridized nanogenerator, the output current signals of the TENG–PiENG, PyENG, and the
hybridized NG when both the TENG–PiENG
and PyENG are working, are depicted in
Figure 4a. Figure 4b displays an enlarged
current signal of the PyENG under the temperature change of about −11 °C. By comparing the obtained current data, the hybridized nanogenerator has the same output current signals with that of the TENG–PiENG.
The temperature-change-driven PyENG
nearly has no contribution to the measured
output current when both the TENG–PiENG
and PyENG are working. Figure 4c illustrates
the output voltages of the TENG–PiENG,
PyENG, and the hybridized NG when both
the TENG–PiENG and PyENG are working
under a loading resistance of 4 GOhm. As
depicted in Figure 4d, the output voltage
of the TENG–PiENG is about 5 V, which is
much smaller than that of the PyENG. The
output voltage of the hybridized nanogenerator when both the TENG–PiENG and the
Figure 3. a,d) Measured output current and voltage signals of the TENG–PiENG (a) and the PyENG are working is slightly smaller than
PyENG (d). b,e) Measured output current and the corresponding output powers of the TENG–
that of PyENG.
PiENG (b) and the PyENG (e) under the different loading resistances. c,f) Measured output
As illustrated in Figure 4d, the output
voltage and the corresponding output powers of the TENG–PiENG (c) and the PyENG (f) under
voltage of the TENG–PiENG is negathe different loading resistances.
tive under positive connection to the
measurement system, where the shape of the
produced voltage signal is very similar to that of the PyENG.
in Figure 3b. The largest output power of TENG–PiENG is
However, the PyENG has a positive output signal under the
about 5.12 μW under a loading resistance of 20 kOhm. The
positive connection to the measurement system when a cooling
output power of the TENG–PiENG could also be calculated
temperature was applied to it (Figure 4c). The TENG–PiENG
by U2/R, where U is the output voltage and R is the loading
has a small negative output when the PyENG has a large posiresistance, as displayed in Figure 3c. The largest output power
tive output. Thus the hybridized nanogenerator has a smaller
of the TENG–PiENG reaches 1.53 μW under a loading resistoutput voltage than that of the PyENG. A possible reason to
ance of 80 kOhm. The large difference of impedance between
explain the observed output voltage signals in Figure 4d is
the two calculation methods is associated with the TENG
that the vibration of the Nylon film induced heat in the device
having a high impedance (Figure S1c,d, Supporting Informawhen the TENG was working. To confirm that the heating temtion) while the PiENG has a low impedance. These results are
perature applied to the hybridized nanogenerator can result in
consistent with the different contributions of the TENG and
negative output voltage signals under a positive connection to
PiENG to the output voltage and current signals. Figure 3d
the measurement system, a controlled experiment was conpresents the output current and voltage of PyENG under a
ducted, where the negative output voltage signals can be clearly
temperature change of about −11 °C (Figure S2, Supporting
observed when a heating temperature was applied on the
Information), indicating that the output current and voltage
device, as shown in Figure S3 (Supporting Information). The
peaks are about 120 nA and 120 V, respectively. As illustrated
4
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obtained output voltages in Figure 4d is due to the coupling of
the TENG–PiENG and the PyENG.
To demonstrate the application of the hybridized nanogenerator as a power source, two light bulbs were connected to
the device, as illustrated in Figure 4e. The individual TENG–
PiENG or PyENG cannot light up the two light bulbs in
series due to the low voltage for the TENG–PiENG and the
low current for the PyENG, while the light bulbs can be lit up
when both the TENG–PiENG and PyENG are working, as displayed in Figure 4f and Movie S2 (Supporting Information).
Figure 5a–f presents the measured rectified output current signals of the PyENG by a full-wave bridge circuit under working
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Figure 4. a) Measured output current signals of the TENG–PiENG, the PyENG, and the hybridized NG. b) Enlarged current signal of PyENG in (a). c) Measured output voltage signals of
the TENG–PiENG, the PyENG, and the hybridized NG under the positive and reversed connection conditions. d) Enlarged voltage signals of TENG–PiENG. e) Photographs of two spot
lights connected in series. f) Photograph of the two spot lights that can be lighted up by the
hybridized NG.

frequencies of 0.0083, 0.01, 0.0125, 0.0167,
0.025, and 0.05 Hz, respectively. Figure 5g
shows the corresponding charging curves
of a 10 μF capacitor under the different
working frequencies of the PyENG. It can
be found that the time interval between the
beginning charging and the end of platform
is consistent with the working frequency of
the PyENG. The reason of step-like charging
behavior is due to the low working frequencies of the PyENG. Figure 5h presents the
different charging performances of the
TENG–PiENG, PyENG (at the working frequency of 0.05 Hz), and the hybridized
nanogenerator for the 10 μF capacitor. When
both the TENG–PiENG and PyENG are
working, the hybridized nanogenerator has a
much better charging performance than that
of the individual TENG–PiENG or PyENG.
In summary, we have demonstrated a
hybridized nanogenerator with one device
structure but contains different energy harvesting functions by using the piezoelectric,
triboelectric, and pyroelectric effects. The
hybridized nanogenerator with the structure
of the PVDF nanowires–PDMS composite
film/ITO electrode/poled PVDF film/ITO
electrode consists of a TENG–PiENG and a
PyENG for individually/simultaneously scavenging mechanical and thermal energies,
respectively. As compared with the TENG–
PiENG, the PyENG has a much larger output
voltage but a smaller output current. When
both the TENG–PiENG and the PyENG are
working, the hybridized nanogenerator has
a much better charging performance than
that of the individual energy harvesting
unit (TENG–PiENG or PyENG). This work
will push forward a significant step toward
hybridized energy harvesting in these places
where the wind and temperature change
simultaneously exist such as near active volcanos, geothermal sources, or at the top of
hills.

Experimental Section
Fabrication of the Hybridized Nanogenerator: The nanogenerator
consisted of a polarized PVDF film with a thickness of 120 μm and a
PVDF nanowires–PDMS composite film. An ITO film with a thickness
of 200 nm was sputtered onto the polarized PVDF film as electrode.
Four acrylic sheets were cut by a laser cutting machine to fabricate an
acrylic tube, where the height of the tube was 12 mm. A nylon film
was fixed on the bluff body with the dimensions of 46 mm × 5 mm
× 2 mm at the end of the acrylic tube. The polarized PVDF film with
the ITO electrodes on the both sides was fixed on the inner surface
of the acrylic tube. The PVDF nanowires–PDMS composite film was
attached on the surface of the ITO/PVDF film/ITO. The vibration of the
Nylon film can be driven by the wind in the acrylic tube, resulting in the
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mixed with its curing agent thoroughly, and then
was subjected to vacuum to remove the trapped
air. The PDMS mixture was then spin-coated
(2000 rpm) onto the PVDF nanowires for 20 s. The
PVDF nanowires–PDMS composite film was then
placed in an oven at 80 °C for 3 h. After that, the fully
dried transparent film was peeled away from the
substrate, then was put onto the poled PVDF film.
Measurement of the Fabricated Hybridized
Nanogenerator: The output current signals
of the device were measured by a low-noise
current preamplifier (Stanford Research SR570).
The output voltage signals of the device were
obtained by using a programmable electrometer
(Keithley Model 6514). Transmittance of the PVDF
nanowires–PDMS composite film was measured
by a UV–vis spectrophotometer (Ultra-6600A)
at different wavelengths. The crystal structure
of PVDF nanowires–PDMS composite film was
investigated from the wide-angle X-ray diffraction
patterns taken on a X-ray diffractometer (X’Pert
Pro). The morphology of the PVDF nanowires–
PDMS composite film was examined using a
field-emission scanning electron microscope
(SU8020).

Supporting Information
Supporting Information is available from the Wiley
Online Library or from the author.
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Figure 5. a–f) Measured rectified output current of the PyENG under different changing
frequencies of 0.0083, 0.01, 0.0125, 0.0167, 0.025, and 0.05 Hz by using a rectifier, respectively.
g) The charging curves of a 10 μF capacitor by using the PyENG under the different working
frequencies. h) The measured voltage of the 10 μF capacitor charged by PyENG, TENG–PiENG,
and the hybridized nanogenerator where both the PyENG and the TENG–PiENG are working.
periodic contact/separation between the nylon film and the polarized
PVDF film. Thus, the TENG–PiENG can deliver the corresponding
output voltage/current signals. Moreover, the output voltage/current
signals of PyENG can be observed when the changing temperature was
applied on the device.
Fabrication of the PVDF Nanowires-PDMS Composite Film: The
PVDF nanowires–PDMS composite film was fabricated by using
the following steps. First, the PVDF nanowires were fabricated by
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with a 1.83:1 weight ratio of N,N-dimethylformamide (DMF) to
acetone.[27] The solution was stirring at 60 °C until the PVDF powder
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at room temperature for 12 h to obtain a homogeneous solution.
The homogeneous solution was delivered into a 2.5 mL plastic
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0.5 mL h−1 under 20 kV.[27] The distance to the counter electrode
was approximately 70 mm. A silicone elastomer and the crosslinker
(Sylgard 184, Dow Corning) mixed in a 10:1 mass ratio was used to
produce the mixture of PDMS solution. The PDMS monomer was
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