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ABSTRACT: To realize the sustainable energy supply in a
smart city, it is essential to maximize energy scavenging
from the city environments for achieving the self-powered
functions of some intelligent devices and sensors. Although
the solar energy can be well harvested by using existing
technologies, the large amounts of wasted wind energy in
the city cannot be eﬀectively utilized since conventional
wind turbine generators can only be installed in remote
areas due to their large volumes and safety issues. Here, we
rationally design a hybridized nanogenerator, including a
solar cell (SC) and a triboelectric nanogenerator (TENG),
that can individually/simultaneously scavenge solar and
wind energies, which can be extensively installed on the
roofs of the city buildings. Under the same device area of about 120 mm × 22 mm, the SC can deliver a largest output
power of about 8 mW, while the output power of the TENG can be up to 26 mW. Impedance matching between the SC and
TENG has been achieved by using a transformer to decrease the impedance of the TENG. The hybridized nanogenerator
has a larger output current and a better charging performance than that of the individual SC or TENG. This research
presents a feasible approach to maximize solar and wind energies scavenging from the city environments with the aim to
realize some self-powered functions in smart city.
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scavenge mechanical energy have been attracting extensive
attention owing to their small volume and low cost.10−16
However, there has been no report about eﬀectively integrating
a SC and a TENG into a hybridized nanogenerator for
scavenging solar and wind energies, which allows the large-scale
installation in city buildings. It is highly desirable to develop
this kind of energy-harvesting units to solve the power source
issues of intelligent devices for realizing some self-powered
functions in a smart city.
Here, we report a hybridized nanogenerator that consists of a
SC and a TENG, which can be utilized to individually/
simultaneously scavenge solar and wind energies. Under a
device area of about 120 mm × 22 mm, the SC can deliver an
output power of 8 mW, while the corresponding output power
of the TENG can be up to 24 mW. A transformer has been
utilized to decrease the impedance of the TENG for achieving
the impedance matching between the SC and the TENG. As

smart city is a city that can use intelligent devices to
monitor/control all of the infrastructures and services
in a sustainable and intelligent way.1 The sustainable
working of these intelligent devices requires a large energy
consumption. Currently, the major approach for powering
these devices is to use external power sources. The main
drawback of the external power sources is that they require
energy generation far away from the city and transportation to
the city. Alternatively, using energy harvesters to scavenge
energy from the city environments is an ideal solution to
provide sustainable power sources for these intelligent devices.
In the city environment, solar and wind energies are the major
clean and renewable energy resources.2,3 By integrating them
with the city buildings, Si-based solar cells (SCs) have been
utilized to scavenge solar energy.4−6 For wind energy
harvesting, conventional wind turbine generator systems can
only be installed in remote areas due to their large volumes,
safety issues, and high costs.7−9 It is necessary to develop new
wind energy harvesters that can be integrated with solar cells
and extensively used in city buildings. In recent years,
triboelectric nanogenerators (TENGs) based on coupling
eﬀects between triboelectric and electrostatic induction to
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The thickness of both the Kapton ﬁlm and FEP ﬁlm is about
25 μm, and the thickness of the Cu electrode is about 200 nm.
The air gaps between the vibration ﬁlm and the Cu electrode
on the acrylic substrate are 2 mm, so that the height of air
intake is about 4 mm. The SC unit has dimensions of 120 mm
× 22 mm × 2 mm. Figure 1e displays a photograph of the
fabricated hybridized nanogenerator, where the device has inner
dimensions of ∼120 mm × 22 mm × 4 mm. The working of
the TENG is based on the wind-induced vibration of the
middle Kapton/Cu/FEP ﬁlms, resulting in the periodic contact
and separation between the FEP and the top/bottom Cu ﬁlm
as both the conductive electrode and the triboelectric material.
Figure 2a depicts the output voltage of the TENG up to 375
V with a working frequency of about 160 Hz. The output

compared with the individual SC or TENG units, the
hybridized nanogenerator has a larger output current and a
better charging performance. Large-scale installation of the
hybridized nanogenerators on the roofs of the city buildings can
maximize solar and wind energies scavenging in city environments for realizing some self-powered functions in a smart city.

RESULTS AND DISCUSSION
Figure 1a illustrates a photograph of a traditional wind turbine
generator, which has a large volume, a high cost, and obvious

Figure 1. (a) Photograph of conventional wind turbine generator.
(b) Photograph of the integrated SC units on the roof of a city
building (c) Schematic diagram of the integrated hybridized
nanogenerators on the roof of a house model. (d) Schematic
diagram of the fabricated hybridized nanogenerator. (e) Photograph of the fabricated hybridized nanogenerator.

Figure 2. (a, b) Measured output voltage (a) and current (b) signals
of the TENG under a wind speed of about 15 m/s. (c, d) Measured
output voltage (c) and current (d) signals of the SC under a full-sun
intensity. (e) Dependence of the output current and the
corresponding output power of the TENG on the external loading
resistances. (f) Dependence of the output current and the
corresponding output power of the SC on the external loading
resistances.

safety issues. Thus, this kind of wind energy harvesters can be
only installed in remote areas. Figure 1b displays a photograph
of integrated Si-based solar cells that have been installed on the
roof of one city building. The traditional wind energy harvesters
and the solar cells cannot be integrated due to the diﬀerent
device structures and working environments. To realize the
scavenging of the solar and wind energies in city environments,
we developed a hybridized nanogenerator that consists of a SC
and a TENG, where this kind of hybridized nanogenerator
allows large-scale installation on the roofs of city buildings, as
depicted in Figure 1c. Figure 1d presents a schematic diagram
of the detailed device structure, where a Si-based SC is ﬁxed on
the top of the TENG. The vibration ﬁlm at the middle of
TENG includes a Kapton ﬁlm with two Cu electrodes on the
both sides, where the FEP ﬁlm as the triboelectric layer was
aﬃxed on the Cu electrode. Another two Cu electrodes were
ﬁxed on the top and bottom of the acrylic substrate,
respectively, resulting in an air gap has been created between
the two Cu electrodes.

current of the TENG can reach 260 μA under a wind speed of
about 15 m/s, as displayed in Figure 2b. The measured output
voltage and current signals of the SC are about 7 V and 9 mA
under a full-sun intensity (100 mW/cm2), respectively, as
illustrated in Figure 2c,d. As presented in Figure 2e, the output
current of the TENG decreases with increasing the loading
resistance, resulting in that the largest output power of the
TENG can be up to 26 mW under the responding loading
resistance of 1 MΩ. By measuring the change of current signals
with diﬀerent loading resistances, the largest output power of
the SC is about 8 mW under a loading resistance of 600 Ω, as
shown in Figure 2f. To solve the impedance matching issue
between the TENG and the SC, a transformer has been utilized
to decrease the impendence of the TENG. As displayed in
B
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through changing the height of the air gap, as described in
Figure 3e. The possible reason for the largest output current
under the height of 4 mm is associated with the optimized
contact area between the vibration ﬁlm and the top/bottom Cu
electrode in the vibration process. The output current of the
TENG increases with increasing the height of air gap at ﬁrst
and reaches the maximum value of 160 μA with the matched
impedance of 1 MΩ, showing that the largest output power of
the TENG can be up to 26 mW. As depicted in Figure 3f, the
output powers of the TENG were measured under diﬀerent
wind ﬂow directions. An obvious power decrease from 26 to 0
mW can be seen when the angle of wind direction changes
from 0° to 40°, where the angle was deﬁned as the angle
between the wind ﬂow and the length direction of the device.
Figure 3g illustrates the output current stability of the TENG
under the continuous operation of 1.21 × 107 cycles, indicating
that a slow decrease of the output current in the ﬁrst 9 × 106
cycles, and the output current then keeps a constant value of
about 120 μA, where the cycle number of the TENG was
calculated by utilizing both the working frequency and the
continuous working time of the TENG.
A Li-ion battery was used to store energy generated by the
hybridized nanogenerator. The battery developed in this work
is based on the TiO2 nanotube array as the electrode material.
TiO2 was grown on Ti foils by two-step anodization in ethylene
glycol solution with subsequent annealing at 450 °C.17,18 The
XRD pattern (Figure S1) agrees well with the characteristic
peaks of TiO2, indicating that a purity phase was obtained.
Figure 4a displays a scanning electron microscope (SEM)

Figure 3a,b, the output voltage of the TENG after using the
transformer has been decreased to about 5 V, while the output

Figure 3. (a, b) Measured output voltage (a) and current (b) signals
of the TENG after using a transformer. (c) Measured output
current and calculated output power of the TENG after using a
transformer under the diﬀerent loading resistances. (d) Measured
output current signals of the TENG, the SC, and the hybridized
nanogenerator (SC+TENG). (e) Output current signals and the
corresponding output power of the TENG under the diﬀerent
device heights. (f) Output power of the TENG depends on the
diﬀerent angles between the wind input and the direction of the
device length ranged from 0° to 40°. (g) Measured output current
stability of the TENG under continuous operations in 1.2 × 107
cycles at a wind speed of 15m/s.

current of the TENG after using the transformer can be
increased to about 5 mA. By measuring the corresponding
output current signals of the TENG after using the transformer
under diﬀerent loading resistances, we show in Figure 3c that
the corresponding impedance of the TENG has been decreased
from 1 MΩ to 600 Ω, where the largest output power is about
7 mW. After the impedance matching between the TENG and
the SC has been achieved, the output current signals of the
individual TENG, SC, and hybridized nanogenerator have been
measured, as displayed in Figure 3d. It can be seen that the
hybridized nanogenerator has the largest output current of
about 12 mA as compared with that of the individual TENG or
SC.
When the length and width of the TENG are ﬁxed, the
height of the air gap (the distance between the top and bottom
Cu electrode) becomes the determining factor in aﬀecting the
output of the TENG. To obtain the largest output performance
of the TENG, the systematic measurements were carried out

Figure 4. (a) SEM image of the as-grown TiO2 nanotubes. (b)
Cross-section SEM image of the TiO2 nanotubes. (c) Charge and
discharge voltage−time curves of the fabricated Li-ion battery
under a constant current density of 0.1 mA/cm2. (d) The ﬁrst
charge−discharge voltage proﬁles of the Li-ion battery. (e) Cycling
performance of the Li-ion battery. (f) Measured charging and
subsequent constant-current discharging curves of the Li-ion
battery by using the TENG under a wind speed of 15 m/s, SC
under an indoor light illumination, and the hybridized nanogenerator (TENG and SC), respectively.
C
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image of the TiO2 nanotube array at the top view, where each
TiO2 nanotube has an inner diameter of about 100 nm and a
wall thickness of about 50 nm. The length of the fabricated
TiO2 nanotube array is about 1 μm, as illustrated in Figure 4b.
The TiO2 nanotube array on the Ti substrate was cut into a
square of 1 cm × 1 cm, which was used as an electrode material
in lithium ion battery. Figure 4c,d exhibits the voltage proﬁles
and the charge−discharge curves of the battery in which metal
lithium was used as the counter electrode. A discharge capacity
of 0.045 mAh/cm2 can be obtained at a current density of 0.1
mA/cm2.
Figure 4e displays a long-term cycling performance of the Liion battery with the charge and discharge currents of 0.1 mA,
showing a good cycle stability. The fabricated battery can
maintain its speciﬁc capacity of 0.04 mAh/cm2 after 50 cycles.
Figure 4f displays the charging and constant currentdischarging performances of the Li-ion battery by using a
TENG, an SC (under indoor illumination conditions), and a
hybridized nanogenerator (TENG and SC), respectively. Under
the same time conditions, the charging voltage of the
hybridized nanogenerator is higher than that of individual
TENG or SC, indicating that the hybridized nanogenerator has
a better charging performance than that of the TENG or SC. As
a result, the Li-ion battery can be charged from 0.2 to 2.1 V in
10 min by using the hybridized nanogenerator. Under a
constant discharging current of 0.1 mA, the charged Li-ion
battery can last for about 7 min to return to the original voltage,
resulting in a total electrical capacity of about 11.7 μAh.
To demonstrate that the integrated hybridized nanogenerators can be installed on the roof of city buildings, four
devices have been connected in parallel and installed on the
roof of a house model, as illustrated in Figure S2. As displayed
in Figure S3, the output current of the TENGs after using both
a transformer and a rectiﬁer circuit can be increased by
increasing the integrated TENG number. One TENG can
produce the output current of about 4.5 mA, while the
integrated four TENGs can deliver the total output current of
about 10.5 mA. A LED-array light in the house model was
connected to the integrated hybridized nanogenerators. The SC
cannot work under dark conditions, while the wind at night can
drive the working of the TENG for solving the power source
issues of some electronic devices. As displayed in Figure 5a,b,
the LEDs-array light can be directly lighted by using the TENG
to scavenge the wind energy for providing eﬀective illumination
in the house, which can be also seen in movie ﬁle 1. Usually,
many kinds of sensors can be installed in a smart house. To
demonstrate that the hybridized nanogenerators can scavenge
the solar and wind energies from environments for powering
some sensors, a temperature−humidity sensor was connected
with a Li-ion battery that can be charged by the hybridized
nanogenerators. The used Li-ion battery has a beginning
voltage of about 0.8 V, which cannot drive the working of the
temperature−humidity sensor. After the integrated four
hybridized nanogenerators work simultaneously for scavenging
the solar and wind energies in several seconds, the temperature−humidity sensor can be driven, as illustrated in Figure 5c.
The temperature and humidity in the environment are about
25.1 °C and 23%, respectively, which can be also seen in movie
ﬁle 2.

Figure 5. (a, b) Photographs of a LEDs-array light in the house
model that can be lighted by using four integrated hybridized
nanogenerators under the conditions of both the dark environment
and a wind speed of ∼15 m/s. (c) Photograph of a temperature−
humidity sensor that can be powered by using the integrated four
hybridized nanogenerators under conditions of both room-light
illumination and a wind speed of ∼15 m/s.

simultaneously scavenge solar and wind energies, which can be
installed on the roofs of the city buildings in a large scale.
Under the same device area of about 120 mm × 22 mm, the SC
can deliver the largest output power of about 8 mW under a
loading resistance of 600 Ω, while the output power of the
TENG can be up to 26 mW under a loading resistance of 1
MΩ. By utilizing a transformer to decrease the impedance of
the TENG, impedance matching between the SC and the
TENG has been achieved. As compared with the individual SC
or TENG, the hybridized nanogenerator has a better charging
performance to charge a homemade Li-ion battery. Therefore,
this research holds great promise for practical applications to
maximize solar and wind energies scavenging from the
environments in the city areas for realizing some self-powered
functions in a smart city.

EXPERIMENTAL SECTION
Fabrication of the Hybridized Naongenerator. The fabricated
device consists of a TENG and a SC, where a TENG includes a
Kapton ﬁlm with Cu electrodes and a FEP ﬁlm aﬃxing onto the Cu
electrodes on both sides. There is a periodic contact and separation
between the FEP ﬁlm and Cu electrode on the acrylic substrate due to
wind-induced vibration. Two acrylic sheets as the substrates of the Cu
electrodes were cut by using a laser cutting machine. Two holes with a
diameter of about 5 mm were fabricated at the both ends of the acrylic
sheets. The supporting beams were ﬁxed between two acrylic sheets.
Screws were used to ﬁx the two ends of the vibration ﬁlm onto the
supporting beam. The SC was ﬁxed onto the top of the TENG, where
the SC consists of many units in parallel and in series. The fabricated
hybridized nanogenerator can individually/simultaneously scavenge
solar and wind energies.
Fabrication of Li-ion Battery. Vertically aligned TiO2 nanotubes
were utilized as the electrode materials to fabricate a Li-ion battery,
which were synthesized by an electrochemical anodization method. Ti

CONCLUSIONS
In summary, we have developed a hybridized nanogenerator,
consisting of a SC and a TENG, that can individually/
D
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metal foil (purity >99.9%) with a size of 8 cm × 2 cm × 0.1 mm was
ﬁrst heated at 300 °C for 30 min in a muﬄe furnace and then cleaned
in ethanol for 30 min. The Ti foil samples were subsequently cleaned
with deionized water by sonicating and then dried under N2
conditions. In the ﬁrst step, the experiment was carried out in
ethylene glycol containing 0.3 wt % of NH4F + 5 vol % of H2O. The
applied anodization voltage was about 50 V. After the sample was kept
for 3 h, the Ti foil was then sonicated in H2O2 solution for 15 min to
remove the anodized TiO2 layer from the Ti substrate, which was then
cleaned by using the deionized water and ethanol. Subsequently, a
second-step of anodization was conducted at 50 V for the further
growth of TiO2 nanotubes. The second anodization time is about 10
min. All of the anodizing experiments were conducted in fresh
electrolyte at room temperature. After anodization, the samples were
cleaned with deionized water and then dried in oven at 80 °C. The asprepared amorphous TiO2 nanotube arrays were annealed in air at 450
°C for 2 h with a heating rate of 5 °C/min. An electrolyte of 1 M
LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1:1 by volume) was utilized to fabricate the Li-ion battery. The Li-ion
battery assembly was conducted in an Ar-ﬁlled glovebox with both O2
and H2O contents of less than 0.1 ppm.
Measurement of the Fabricated Device. The output current
signals of the TENG were performed by a low-noise current
preampliﬁer (Stanford Research SR570). The output voltage signals
of the TENG were measured by a digital phosphor oscilloscope
(Tektronix MDO 3024). The morphology of the prepared TiO2
nanotube arrays was characterized by a scanning electron microscope
(SEM, SUS8020). The crystalline phase of TiO2 was analyzed by an Xray diﬀractometer (Philips, Panalytical X’pert3, Cu Kα radiation
source).
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