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ABSTRACT: Harvesting energy available from ambient
environment is highly desirable for powering personal
electronics and health applications. Due to natural process
and human activities, steam can be produced by boilers,
human perspiration, and the wind exists ubiquitously. In the
outdoor environment, these two phenomena usually exist at
the same place, which contain heat and mechanical energies
simultaneously. However, previous studies have isolated them
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as separate sources of energy to harvest and hence failed to utilize them effectively. Herein, we present unique hybrid
nanogenerators for individually/simultaneously harvesting thermal energy from water vapors and mechanical energy from
intermittent wind blowing from the bottom side, which consist of a wind-driven triboelectric nanogenerator (TENG) and
pyroelectric—piezoelectric nanogenerators (PPENGs). The output power of the PPENG and the TENG can be up to about
184.32 yW and 4.74 mW, respectively, indicating the TENG plays the dominant role. Our hybrid nanogenerators could provide
different applications such as to power digital watch and enable self-powered sensing with wireless transmission. The device
could also be further integrated into a face mask for potentially wearable applications. This work not only provides a promising
approach for renewable energy harvesting but also enriches potential applications for self-powered systems and wireless sensors.

KEYWORDS: triboelectric nanogenerator, piezoelectric nanogenerator, pyroelectric nanogenerator, energy harvesting, wearable device

1. INTRODUCTION

Our surroundings have plentiful energy resources in various
forms, among them the most common is solar energy, which
can be completely harvested under the full sun. However,
harvesting of solar energy could be affected by the weather.
Especially on cloudy days or at night, the output of solar cell is
enormously restrained or even disappeared.”” Therefore, it is
imperative to investigate other forms of energy, such as
mechanical energy (wind, vibration) and waste thermal energy
(vapor, breathing). Mechanical energy, one of the most
ubiquitously available energies in the environment, has been
used for long term by converting itself into electrical energy via
generators, such as electromagnetic generator,‘%_5 piezoelectric
nanogenerator (PiENG),*® and triboelectric nanogenerator
(TENG).””™" Among them, TENG has exhibited lots of
advantages such as low cost, environmental friendless, ample
choices of materials, and so on."'® PiENG can be used to
harvest mechanical energy through the deformation of
piezoelectric materials, which usually exhibits pyroelectric effect
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for thermal energy harvesting. Due to natural processes and
human activities, the steam (vapors) can be produced by some
items such as boilers, heating pipes, human perspiration, and
the wind exists ubiquitously. In the outdoor environment, these
two phenomena usually abundantly exist at the same place,
which contain heat and mechanical energies simultaneously.'”
However, previous studies have isolated them as separate
sources of energy to be harvested and hence failed to utilize
them effectively. At the same time, it has been reported that
intermittent wind could improve the capture efficiency of water
vapor.'® Thus, it is very reasonable for us to design hybrid
nanogenerators to collect wind and heat energy synchronously,
forming an integrated hybrid energy harvesting system.

The flutter-based TENG has been developed to effectively
harvest mechanical energy in wind.'”*® However, the strain
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Figure 1. Hybrid nanogenerators. (a) Schematic illustration of the hybrid nanogenerators. (b) The optical image of as-prepared hybrid

nanogenerators.

energy brought by the wind-driven deformation of the flutter
and the thermal energy in the temperature fluctuation have not
been utilized. On the other hand, ferroelectric poly(vinylidene
fluoride) (PVDF), a kind of flexible ferroelectric polymer, could
be utilized not only in the scavenging of mechanical energy
through Ipiezoelectric effect but also in the harvesting of thermal
energy.2 22 Therefore, it is highly desirable to realize the
simultaneous collection of the additional mechanical and
thermal energies through rational design of the device based
on PVDF.

In this work, we constructed a hybrid nanogenerator that can
concurrently or independently harvest thermal energy from
water vapors and mechanical energy from intermittent wind
blowing from the bottom side. The hybridized nanogenerators
are based on wind-driven TENG and pyroelectric—piezoelectric
nanogenerators (PPENGs). Compared to the TENG or the
PPENG, the hybridized nanogenerators have much better
charging performance for a 22 uF capacitor. The hybrid
nanogenerators have been demonstrated to power light-
emitting diodes (LEDs) and a commercial digital watch with
the calculation function. The device can also be used as a self-
powered sensor for wind speed. This work renders an effective
solution to harvest ambient thermal and mechanical energies
for wearable self-powered systems and active remote sensing.

2. EXPERIMENTAL SECTION

2.1. Fabrication of the Hybrid Nanogenerators. First, a
rectangular acrylic sheet (300 mm X 90 mm X 3.175 mm) served as
supporting substrate was processed by laser cutting (PLS6.75,
Universal Laser Systems). Then, a copper film was deposited on a
fixed acrylic board as the top electrode. A commercially available
polarized PVDF film with a thickness of 52 ym deposited by Cu film
layers on both sides was selected to construct PPENG. The four
corners of rectangular PVDF film with size of 11.5 cm X 5 cm were
carefully pasted to one side of Kapton film (500 mm X 160 mm X
0.0254 mm) through the Kapton tape to ensure it is flat at the surface,
whereas another side of Kapton film faces wind and/or water vapors
directly. The larger area of Kapton film is to keep triboelectric surfaces
of TENG isolated from vapors. A single-sided sticky fluorinated
ethylene propylene (FEP) film with a thickness of 52 ym was applied
to totally cover the PVDF film. The FEP film is used as the top surface
of the flutter, and the PVDF film attached on the Kapton film is set to
the bottom part of the flutter. One end of the flutter is fixed on the
side of the acrylic board, leaving the other side free-standing. Two lead
wires were respectively connected to metal Cu electrode.

2.2. Fabrication of the Small-Scale Hybrid Nanogenerators.
For the demonstration of face mask, a polarized PVDF film (52 pm in

thickness, 7.0 cm in length, and 3.2 cm in width) completely covered
by a single-sided sticky FEP film (52 um in thickness) was carefully
pasted to one side of the rectangular Kapton film (52 ym in thickness)
with a larger area than that of the FEP film. To easily match the face
mask and with the aim of contacting and separation, two sides of the
Kapton film were stuck to the stripped acrylic board to form an arc
shape with a height of 5 mm.

2.3. Electrical Measurement. The signals of output voltage,
output current, and short-circuit transferred charges for the devices
were measured by a preamplifier (Keithley 6514 system electrometer),
and the temperature was recorded by an infrared camera (FLIR C2).
The software platform was constructed using LabVIEW, which was
capable of realizing real-time data collection and analysis.

3. RESULTS AND DISCUSSION

The hybrid nanogenerators illustrated in Figure la mainly
consist of two parts, a wind-driven TENG part and a PPENG
part. The flutter-driven TENG design was employed for wind
energy harvesting. A copper film was deposited on a fixed
acrylic board as the top electrode and one triboelectric surface.
A 52 pm thick FEP film was used on the top of the flutter, as
the other triboelectric surface. One end of the flutter was fixed
on the side of the acrylic board, leaving the other side free-
standing. During contact—separation process between the FEP
film and top copper electrode as driven by intermittent wind,
periodic alternative current (AC) output could be delivered via
TENG based on the coupling between triboelectrification and
electrostatic induction. That is to say, the intermittent wind
provides a driving force for the TENG work. As shown in
Figure 1la, the direction of intermittent wind is almost parallel
to the plane of the acrylic board substrate. To harvest the
thermal energy brought by the temperature variation via
pyroelectric effect and the strain energy brought by bending
and torsion of the flutter via piezoelectric effect, a PPENG, with
a 52 pm thick PVDF film as functional material, was fabricated
as the bottom part of the flutter. The temperature variation was
induced by condensation process, during which water vapors
were converted to droplets, and evaporation process of water
droplets due to the intermittent wind.'® The bottom copper
electrode of TENG was shared with the PPENG as the top
electrode. Another copper film was deposited on the bottom
surface of PVDF as the other electrode of the PPENG. A
Kapton film was attached below PPENG to keep triboelectric
surfaces of TENG isolated from water vapors. The area of the
hybrid nanogenerators is 11.5 cm X S cm, and the maximum
displacement of the flutter is about 6 cm. Through this rational
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Figure 2. (a) Schematic sketch of the working principle of the TENG in hybrid cell. (b) The working mechanism of pyroelectric output in the
PPENG. The magnitude of angle /3 is larger than that of the ¢, and the magnitude of angle y is smaller than that of the a. (c) Schematic diagram of
the working mechanism of piezoelectric nanogenerator in the PPENG to produce electricity.

design, the mechanical energy in the wind and the thermal
energy in water vapors can be effectively harvested simulta-
neously or independently. The flutter of the hybrid nano-
generators is hung below the acrylic board, as indicated by the
optical image of the hybrid nanogenerators in Figure 1b.

The operation and theoretical investigations of the contact—
separation mode TENG have been carried out previously.”* >
Figure 2a displays the working mechanism of the TENG part in
the hybrid nanogenerators. The wind-driven fluttering results in
the relative contact—separation motion between the FEP film
and the Cu film deposited on the acrylic board. Here, the Cu
film plays dual roles as a triboelectric surface and as a top
electrode of the TENG. Once the FEP film is in physical
contact with the top Cu electrode, the surface of FEP gets
negatively charged (Figure 2a-i), whereas the top Cu layer is
positively charged owing to contact electnﬁcatlon governed by
their different triboelectric polarities.”® The negative charges on
the FEP are immobile and are inclined to retain for a long time
in view of insulating property of the electret polymer. As the
FEP is separating away from the top Cu layer when the
intermittent wind stops (Figure 2a-i), a potential will be
produced between the two electrodes of the TENG. Under
short-circuit condition, the electrostatic induction by the
negative FEP drives the electron flows from the middle Cu
electrode to top Cu electrode through external circuit to
balance out the charge distribution between the two electrodes
in the TENG, generating an output current pulse from the top
electrode to the bottom electrode in the TENG,””*® until the
FEP film in the flutter fully separates away with the top of the
Cu film (Figure 2a-iii). When the FEP approaches the top Cu
layer again driven by the intermittent wind, the negative surface
charges in the FEP promote free electrons back to bottom
electrode of TENG, yielding a pulsed current with opposite
direction (Figure 2a-iv). Therefore, the wind-driven reciprocat-
ing motion of the flutter will generate AC pulse between the
two electrodes in the TENG.

To elucidate the mechanism from thermal energy to
electrical energy, a schematic sketch is shown in Figure 2b,
based on the thermally induced random dithering of the electric
dipole near its equilibrium axis. No output current can be found
if the spontaneous polarization in PVDF is constant under
invariable temperature, as described in Figure 2b-i. When the
flutter meets the hot water steam, the temperature of the PVDF

film will be enhanced rapidly. Meanwhile, the aligned electric
dipoles oscillate within a larger degree of spread around their
respective aligning axes, which reduce the total average
spontaneous polarization density.””*° To balance the extra
charges due to the decrease of polarization density, a current is
driven to flow from the bottom electrode to the top electrode
of the PVDF, as revealed in Figure 2b-ii. Conversely, when the
PVDF is cooled, the polarization will be significantly enhanced
because the electric dipoles oscillate within a smaller degree of
spread angles due to less active thermal action, resulting in an
increase in the amount of induced charges in the Cu electrodes
of the PVDE.>! On this occasion, the current flows in the
opposite direction, as indicated in Figure 2b-iii.

Figure 2c shows the power generation diagram based solely
on piezoelectric effect of the PPENG. The working principle of
the PiENG is derived from insulating property of the PVDF
and the creation of an inner piezoelectric field during the
applied strain. In the absence of any strain, the output current
from the piezoelectric effect is zero, as presented in Figure 2c-i.
When the intermittent wind blew the flutter, the impact
between the acrylic board and the flutter was produced, which
caused a compressed/stretched strain on the poled PVDF film.
Consequently, the total spontaneous polarization of the PVDF
was increased and the current flowed from the top to the
bottom electrode in the PPENG to balance the extra
polarization density'” (Figure 2c-ii). In the instant contact
between the flutter and the top Cu electrode, the largest force
was accomplished (Figure 2c-iii). On the other hand, the
current flows back when the flutter begins to separate from the
acrylic board and the strain releases (Figure 2c-iv). During the
charging and discharging process, the PVDF acts like a “charge
pump”, which drives electrons flow back and forth through the
external circuit, leading to an AC electricity output. In contrast
with the pyroelectric effect, the piezoelectric effect is more
complex for the reason that all of the three-dimension strains
could affect the polarization.”’

The output performance of the hybrid nanogenerators is
systematically characterized with the simulated intermittent
wind and water vapor environments. The electrical output of
each part (TENG, PiENG, and PPENG) is first measured. To
investigate the output performance of TENG for scavenging
wind energy, a wind faucet in our lab is used to simulate the
natural wind, which is employed as wind source with tunable
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Figure 3. Output performances of the hybrid nanogenerator, including (a—c) open-circuit voltage, (d—f) short-circuit transfer charge, and (g—i)

short-circuit current of triboelectric, piezoelectric, and PPENG outputs.

flow speed. Figure 3a depicts open-circuit voltage (V,.) of the
TENG as a function of wind speed ranging from 5 to 18 m/s.
The results indicate that the V. increases with increasing wind
speed with the maximum value of about 350 V at 18 m/s, which
matches with the literature reports.””*> As shown in Figure 3d,
the short-circuit transfer charge (Q,.) of the TENG has the
same variation trend as the V. with increasing wind speed,
which can reach 0.15-0.2 uC at 18 m/s. The solely
piezoelectric output for the PPENG device is measured with
simulated wind and without water vapor. As presented in
Figure 3b,e, the V.. and Q,. of the piezoelectric output
apparently enhance with the increase of wind velocity, and the
highest values of the V. and Q,. can reach approximately 20 V
and 0.3—04 uC at 18 m/s, respectively. The V. value
originated from the piezoelecric effect in this work is
comparable to or higher than other PVDF-based piezoelectric
nanogenerator,‘s’33”3’4 considering that the deformation of the
flutter driven by the wind is even larger. The PPENG output
was measured when both of the intermitted wind and water
vapors worked simultaneously. The water vapor is simulated by
an electric kettle. As expected, the V. and Q,. of the PPENG
output improve as the wind speed enhances (Figure 3cf).
Moreover, it can be found that the output performance under
the synergistic actions of pyroelectric and piezoelectric effect is
larger than that of solely piezoelectric effect, from which the
maximum values of the V. and Q,. were measured to be about
350 V and 6 uC, respectively. To measure the pyroelectric
coefficient accurately and exclude the influence of piezoelectric

14711

output, we completely fixed flutter by tapes to avoid
deformation of the PVDF film. As indicated by a thermal
imaging system, the corresponding temperature variation can
be about 25-50 °C, and the pyroelectric coeflicients at
different wind velocities are estimated to be 1.59 + 0.19, 1.91 +
0.07, and 2.64 + 0.15 nC/(cm?” K) at different wind speeds of S,
9.8, and 18 m/s, respectively, which is consistent with
previously reported values.”””> Details of the calculation of
pyroelectric coeflicients for the PVDF film at different wind
velocities is shown in Figure S1 in the Supporting Information.
For the hybrid nanogenerators working concurrently with
simulated wind and water vapors, the short-circuit current (1)
outputs were measured up to ~29 pA for TENG and ~41 pA
for PPENG, as shown in Figure 3g,i. The piezoelectric I, from
PiENG could achieve 14 pA, which was obtained via the
deformation of PVDF under only the wind, as indicated in
Figure 3h. The corresponding short-circuit current densities
from TENG, PiENG, and PPENG are ~5.05, 2.44, and ~7.13
mA/m?, respectively.

The relationship between the effective output power and the
resistance of external load is an important characteristic of the
nanogenerators. The instantaneous power outputs versus the
external load resistances at different wind velocities for TENG
output, PIENG only, and PPENG output are drawn in Figure
4a—c,d—f,g—i, respectively, wherein the output power (P) was
calculated by P = I’R, where I is the output current and R is the
loading resistance. To determine the optimized load resistance
and the maximum instantaneous power of the TENG, the
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Figure 4. Peak power outputs vs the external load resistances for (a—c) TENG output only, (d—f) piezoelectric output only, (g—i) PPENG output
with wind speeds of S m/s (left column), 9.8 m/s (middle column), and 18 m/s (right column).

Table 1. Optimized External Load and Peak Maximum Power Output for Each Part of Outputs under Different Wind Speeds

wind speed S m/s 9.8 m/s 15 m/s

piezoelectric output 1 MQ, (0.14 + 0.03) uW 1 MQ, (529 + 1.01) yW 1 MQ, (46.24 + 7.86) uW

TENG output 20 M, (0.5 £ 0.09) mW 20 MQ, (1.58 + 028) mW 20 MQ, (4.74 £ 0.71) mW

piezo + pyro output 2 MQ, (0.72 + 0.13) yW 2 MQ, (2048 + 3.07) yW 2 MQ, (184.32 + 29.49) yW
relationship between output current and external load piezoelectric output is similar to that of the triboelectric output.
resistances was measured. As displayed in Figure 4c, the largest With respect to the PPENG output, it is found that the
instantaneous output power of TENG attains approximately instantaneous output power reaches the maximum value of
4.74 mW with a load resistance of 20 M, which is comparable 20.48 4W under a load resistance of 2 X 10° Q at a wind speed
to two other literatures.”* Larger wind velocity makes faster of 9.8 m/s (Figure 4h), and the instantaneous output power of
vibration of the flutter and facilitates fully contact and the PPENG at the same load resistance enhances with the
separation between the Cu and the FEP, which are beneficial increase of wind velocity (Figure 4g—i). In addition, as seen
for the enhancement of output power of the TENG. For the from Figure 4i and Table 1, the maximum output power for the
piezoelectric output, the current drops with the increase of load PPENG is 184.32 yW at a wind speed of 18 m/s, which is
resistance at a low wind speed (5 m/s), as indicated in Figure relatively lower than that of the TENG at the same wind
4d. The corresponding instantaneous power initially increases velocity. This means that the TENG plays a dominant role in
in the resistance region from 10* to 10° Q and then descends at the total power output of the hybrid nanogenerators, whereas
higher external resistances (from 10° to 6 X 107 Q). As a result, the PPENG serves as a complementary power source to harvest
the instantaneous power reaches a maximum value of about additional mechanical energy and the thermal energy. The
0.14 W under a load resistance of 1 M, as shown in Table 1. overall power output could be up to ~5 mW under a wind
Moreover, the instantaneous piezoelectric output power speed of 18 m/s.
increases with the increasing wind velocity, from which the As demonstrated previously,”” in a hybrid cell, the piezo-
maximum value is about 46.24 W at a large wind velocity (18 electric and pyroelectric outputs are usually effective to enhance
m/s), as shown in Figure 4f. The piezoelectric output power in the charging rate during energy storage. Here, we demonstrated
this work is almost consistent with that of piezoelectric the enhanced charging rate to a 22 uF capacitor brought by the
nanogenerator based on PVDFE.”~*’ Larger wind velocity can PPENG output. As indicated in Figure Sa, the TENG and
induce the greater deformation of the PVDF, which are PPENG were electrically connected with three pairs of diodes,
favorable to boost the piezoelectric output power. The variation which functioned as rectifiers in altering the AC output signals
trend of maximum output power with wind velocity for the of the nanogenerators to direct signals for charging commercial
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capacitors. When K| is switched on and K, is switched off, the
commercial capacitor is charged by the hybrid nanogenerators.
When both K; and K, are turned on, the hybrid nanogenerators
could sustainably drive some loads, such as a digital
temperature—humidity meter and white LED lights. Figure
Sb shows the overall charge profile of the hybrid nano-
generators under low (5 m/s), middle (9.8 m/s), and large (18
m/s) wind speeds. It was found that the charging rate increased
with increasing wind speed, which was related to the larger
power output at higher wind speed. For a large wind speed of
18 m/s, the voltage of the capacitance could reach 11 Vin 300 s
of charging. As shown in Figure Sc, through 300 s of charging
under middle wind speed using the TENG output only, the
voltage only reaches ~2.3 V. The voltage could ramp up to
~4.1 V within 300 s by the PIENG output solely, whereas the
voltage will reach ~6.3 V within 300 s charged by the TENG
and the PIENG outputs simultaneously. The voltage will also
achieve ~6.3 V in 300 s when the PPENG was used to charge
the 22 uF capacitor. The overall outputs from all parts of the
hybrid nanogenerators operated at middle wind speed can
charge the capacitor to be ~9 V within 300 s. Therefore, it is
obvious that hybrid nanogenerators have much better charging
performance compared to those of individual TENG, PiENG,
PPENG, or TENG + PiENG. With the output from the
PPENG, the total enhancement of the charging rate brought by
the hybrid nanogenerators could be almost 3 times. In addition,
the stability of the TENG was also characterized by the long-
term cycles, as shown in Figure S2. It is seen that about 5% of
electrical output degradation was observed after continuous
operation of ~6000 cycles (for 90 min). The good robustness
satisfies the needs of reliability for practical nanogenerators
under harsh environments.

With the enhanced power output and the charging rate, we
have demonstrated several applications of these hybrid
nanogenerators for powering electronics and wearable devices,
self-powered sensing and wireless transmissions."”*' By

harvesting the energies from the simulated wind and water
vapors, the output of the hybrid nanogenerators was utilized to
successfully light up 24 small white LEDs (Video 1, Supporting
Information). With rectifiers used and a capacitor as the
temporary energy storage device, the hybrid nanogenerators
can also be used to power a commercial watch with the
calculation function (Video 2, Supporting Information) and to
drive the operation of a commercial digital temperature—
humidity meter (Video 3, Supporting Information). Consider-
ing that the outputs of the hybrid nanogenerators are related to
the wind speed, the device can also be used as a self-powered
sensor for the wind speed. Here, it is noticed that the
microcontroller systems of transmitter and receiver were
powered by batteries, and the hybrid nanogenerators (only
TENG + PiENG outputs from the mechanical energies) were
employed as active sensors. A commercially available wireless
transmission circuit is integrated to transmit the detected wind
speed to the computer, displayed as the corresponding
numbers in the monitor (Video 4, Supporting Information).
The wind speed, varied from 6 to 18 m/s, can be detected using
the hybrid nanogenerators. In addition, to make this device
wearable, we modified the design of the device and integrated it
into a face mask so that the energies in the hot air exhaled by
the human mouth can be effectively harvested by means of
triboelectric, piezoelectric, and pyroelectric effect to power
wearable electronics and biomedical sensors, which can reflect
the breathing status of human being and thus monitor human
health.”” When exhaling, the moist and warm airflow released
by human breathing will bring thermal energy to the PVDF
film, in which the dipole moments will be reduced, resulting in
output electricity due to pyroelectric effect. Moreover, the
arclike structure of the device makes it easier for the
deformation of PVDF and periodic contact and separation
between the FEP and Cu film, which can also generate
electricity in virtue of piezoelectric and triboelectric effects.
Figure 5d shows the photograph of the device integrated with
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the face mask, which is wearable to harvest energies during the
breath of human (Figure Se). By using the normal human
breath, 31 green LED bulbs are lighted concurrently, which
testified the capability of the integrated hybrid nanogenerators
for self-powered applications (Video S, Supporting Informa-
tion). The open-circuit voltage, short-circuit transferred charge,
and short-circuit current from TENG and PPENG perform-
ances for the specially designed face mask device driven by the
respiration of a young man could be found in Figures S3a—c
and S4a—c, respectively, in the Supporting Information. The
specially designed face mask device offers a good application
prospect in the scope of self-powered healthcare monitoring,
such as breathing and temperature sensors of human body and
human respiratory rates.

4. CONCLUSIONS

In summary, we have devised and integrated triboelectric—
pyroelectric—piezoelectric hybrid nanogenerators to effectively
harvest energies from the wind and the water vapor, which are
both abundance in the ambient environment. Each unit of
TENG, PiENG, and PPENG could be utilized to individually or
simultaneously scavenge the mechanical and thermal energies.
The hybrid device takes advantage of its two or three
constituent parts, which brings about a higher power output
as compared to that from each individual nanogenerator.
Hundreds of volts in output voltage and tens of microampere in
output current are measured, with a maximized output power
of ~5 mW. The hybridization of the PPENG into the TENG
has been demonstrated to enhance the charging rate to a 22 yF
capacitor by almost 3 times. In addition, the hybrid
nanogenerators can power LEDs, a digital watch with calculator
function and enable self-powered sensing with wireless
transmission. The device was further integrated into a face
mask for potentially wearable applications. This work will
promote an important step toward hybridized energy harvest-
ing in these situations where the airflow and temperature
variations concurrently exist, such as human respiration, heating
pipe, or boilers.
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