Letter
pubs.acs.org/NanoLett

Pyroelectric Nanogenerators for Driving Wireless Sensors
Ya Yang,†,§ Sihong Wang,†,§ Yan Zhang,‡ and Zhong Lin Wang*,†,‡
†

School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0245, United States
Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing, China

‡

S Supporting Information
*

ABSTRACT: We demonstrate a pyroelectric nanogenerator
(PENG) based on a lead zirconate titanate (PZT) ﬁlm, which
has a pyroelectric coeﬃcient of about −80 nC/cm2K. For a
temperature change of 45 K at a rate of 0.2 K/s, the output
open-circuit voltage and short-circuit current density of the
PENG reached 22 V and 171 nA/cm 2 , respectively,
corresponding to a maximum power density of 0.215 mW/
cm3. A detailed theory was developed for understanding the
high output voltage of PENG. A single electrical output pulse
can directly drive a liquid crystal display (LCD) for longer
than 60 s. A Li-ion battery was charged by the PENG at diﬀerent working frequencies, which was used to drive a green lightemitting diode (LED). The demonstrated PENG shows potential applications in wireless sensors.
KEYWORDS: Pyroelectric eﬀect, nanogenerators, PZT, self-powered nanosystems
titanate (PZT) ﬁlm PENG, where the output open-circuit
voltage and short-circuit current density can be up to 22 V and
171 nA/cm2, respectively. Under a change in temperature of 45
K, a single output pulse of PENG can continuously drive a
LCD for longer than 60 s. A Li-ion battery can be charged by
such PENGs under diﬀerent frequencies.
Our design of the PENG is based on the change in
spontaneous polarization of a PZT thin ﬁlm due to the timedependent temperature ﬂuctuation to drive electrons to ﬂow in
external circuit. The detailed fabrication method of the PENG
is given in the Experimental Section. Figure 1a shows an optical
image of the fabricated PENG, indicating that the device has a
length of 21 mm and a width of 12 mm. Figure 1b shows a
cross-sectional scanning electron microscopy (SEM) image of
the device, revealing the thickness of the device to be 175 μm.
The large size PZT microﬁlm was chosen for easy
manipulation. The same principle and methodology can be
applied to the PZT nanoﬁlm. The enlarged SEM image of the
cross section indicates that the ﬁlm consists of a large number
of crystal grains, as shown in Figure 1c.
The output voltage and current of the PENG have been
measured by varying the temperature in the vicinity of the NG
from 295 to 299 K, as shown in Figure 1d. The corresponding
diﬀerential curve of the change in temperature with time shows
that the peak value of the temperature changing rate is about
0.2 K/s. Under the forward connection, a sharp negative
voltage/current pulse (∼2.8 V; 42 nA) was observed when the
temperature was quickly increased from 295 to 299 K (Figure

O

wing to a tremendously increased energy consumption of
modern societies, the development of green and
renewable nanoenergy sources is becoming one of the most
important ﬁelds of research.1−3 There are several typical physics
eﬀects that can be used to fabricate nanogenerators (NGs) for
harvesting energy from the ambient environment. Both
piezoelectric and triboelectric eﬀects can be used to harvest
mechanical energy.4−7 The pyroelectric eﬀect is based on the
change of spontaneous polarization in certain anisotropic solids
due to the temperature ﬂuctuation,8 which can be used to
harvest thermal energy from the change in temperature.
Although the Seebeck eﬀect can also be used to harvest
thermal energy by utilizing a temperature diﬀerence between
two ends of the device for driving the diﬀusion of charge
carriers,9,10 the pyroelectric eﬀect has to be the choice in an
environment where the temperature is spatially uniform but
time-dependent.11
Self-powering nanotechnology has been developed since
2005 with the aim to build self-powered systems that can
operate independently and wirelessly without the use of a
battery or other energy storage/supply systems.12−14 We have
been developing nanogenerators for this purpose. One of the
great applications for the self-powered system is to use
nanogenerators to drive personal electronics, such as LCDs
and LEDs. Currently, piezoelectric NGs have been used to
drive some electrical devices by harvesting mechanical energy
from the environment.14 Although diﬀerent designs of
pyroelectric nanogenerators (PENGs) have been reported,
the output voltage and current of these devices are still very low
(voltage below 0.1 V, and current below 1 nA),11,15 which are
not enough for driving any commercial electronics. To solve
this problem, the performance optimization of the PENGs is
desperately needed. Here, we demonstrated a lead zirconate
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Figure 1. (a) Photograph of a fabricated PENG. (b) Cross-sectional SEM image of the PENG. (c) Enlarged Cross-sectional SEM image of the
PENG. (d) The cyclic change in temperature of the PENG and the corresponding diﬀerential curve. (e) Measured output voltage and current of the
PENG under the change in temperature in d.

1e), and a corresponding positive pulse was received when the
temperature was recovered back to 295 K (Figure 1e). After
reversely connecting the PENG to the measurement system,
the opposite signals were observed (Figure S1 of the
Supporting Information), suggesting that the measured signals
were generated by the PENG. Usually, the pyroelectric current
I can be described as I = pA(dT/dt), where p is the pyroelectric
coeﬃcient, A is the electrode area, and dT/dt is the rate of
change in temperature.11 According to this equation, the
current will linearly increase with increasing the rate of change
in temperature, which is consistent with the experimental
results, as shown in Figure S2. From the above results, the
obtained pyroelectric coeﬃcient of PZT ﬁlm is about −80 nC/
cm2K, which is much larger than that of ZnO.11,16
Figure 2a shows the cyclic change in temperature of PENG
from 295 to 340 K and the corresponding temperature
changing rates. The obtained alternating electric output can
be rectiﬁed by a full-wave bridge circuit, which is needed for
driving the polar electronic devices, as shown in Figure 2b. For
a temperature change of 45 K, the output voltage and current
peaks of PENG are up to 22 V and 430 nA, respectively. The
corresponding current density is 171 nA/cm2 by using the
surface area of the PENG in Figure 1a. By using the volume of
the device in Figure 1a, the corresponding maximum power
density is about 0.215 mW/cm3. Figure 2c shows an enlarged
output voltage peak, which can be used to directly drive a LCD.
Usually, the LCD can work under the voltage of larger than 3
V, indicating that the LCD can work in the region of ″2″, where
the working time is longer than 60 s. The attached movie ﬁle I
(see the Supporting Information) also shows that the LCD can
be continuously driven for longer than 60 s, which is much
better than that of the previous piezoelectric NG (about 2 s for
an electrical output pulse).17

To understand the high output voltage of the PENG in
Figure 2b, we calculated the electrical potential distribution
across the PZT ﬁlm for a temperature change of 45 K by using
COMSOL software. In the calculation, the thickness and the
pyroelectric coeﬃcient of the ﬁlm are 175 mm and −80 nC/
cm2K, respectively. According to the pyroelectric theory,18 the
change of polarization ΔP can be given by
ΔP = p ·ΔT

(1)

where ΔT is the change in temperature. According to the
Maxwell equations,19 the surface charge density σ can be
written as
(2)
σ = P ⃗· n ⃗
where P⃗ is the polarization vector and n⃗ is the normal vector. In
our case, the polarization is uniform and parallel to the
direction of normal vector. The surface charge density is only
the bound charge density. Thus, the change of surface charge
density in our experiment can be given by

Δσ = ΔP = p ·ΔT

(3)

Along the thickness of the PZT ﬁlm, the potential U between
the top and the bottom electrodes can be expressed as

U = Ed =

Δσ ·d
(εr − 1)ε0

(4)

where E is the electric ﬁeld, d is the thickness of PZT ﬁlm, εr is
the relative dielectric constant of the sample, and ε0 is the
permittivity of free space.19 Using eqs 3 and 4 by COMSOL
software package, we can obtain the pyroelectric potential
distribution across the PZT ﬁlm, as shown in Figure 2d. In the
calculation, the center along the thickness direction of the PZT
B
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Figure 2. (a) The cyclic change in temperature of the PENG and the corresponding diﬀerential curve. (b) Measured output voltage and current of
the PENG after they are rectiﬁed by a full-wave bridge circuit. (c) Enlarged single output voltage peak, where it can be used to drive a LCD in the
region ″2″. (d) The calculated electrical potential distribution across the PZT ﬁlm.

ﬁlm was regarded as the zero potential. The results show that
an electrical potential distribution from −200 to 200 V was
created across the ﬁlm when the temperature was increased
from 295 to 340 K. But the measured electrical potential is
much lower (22 V), which means that we have a lot to improve
to reach the theoretical value. According to eqs 3 and 4, it can
be seen that the pyroelectric potential can be enhanced by
increasing the pyroelectric coeﬃcient p, the change in
temperature ΔT, and the thickness of ﬁlm d.
To expand the potential applications of the PENG, it is
necessary to store the electrical energy generated from
temperature ﬂuctuation. Figure 3a shows a schematic diagram
that a Li-ion battery was charged by the PENG, which can be
used to drive a LED. Figure 3b shows an optical image of the
homemade Li-ion coin battery. In such a Li-ion battery, the
TiO2 nanotube array grown on Ti foil was used as the anode.
Figure 3c shows that the diameter of the nanotubes is about
150 nm and the length is about 10 μm. The surface of the
nanotubes is clean and uniform. The fabrication method of
TiO2 nanotubes is given in the Experimental Section. Figure 3d
shows the PENG-charging and the subsequent constant-current
discharging curves of the battery, where the working frequency
of the PENG device is 0.005 Hz (Figure 2b). The battery can
be charged by the PENG from 650 to 810 mV in about 3 h.
There are many peaks in the charging curve, which correspond
to the output voltage pulses of the PENG in Figure 2b. The
obtained voltage peaks are associated with the universally
existing self-discharge of the battery, resulting in that there is no

observed voltage platform in the charging curve. The enlarged
charging curve is shown in Figure 2d, where the time interval of
the two adjacent peaks is about 200 s, which is consistent with
that of the PENG in Figure 2b. The enlarged discharging curve
is shown in Figure S3. Under a constant current of 1 μA, the
discharging of the battery lasted for 84 s before it got back to its
original state of 650 mV. Thus, the stored electric capacity was
about 0.023 μAh. To further conﬁrm that the fabricated battery
can be charged by the PENG under diﬀerent conditions, the
battery was charged by the PENG at diﬀerent frequencies (0.01
and 0.02 Hz), as shown in Figures S4 and S5. It can be found
that the time interval of two adjacent peaks is consistent with
the working frequency of the device. Figure 3e shows that the
charged Li-ion batteries can be used to power a green LED,
which can also be seen in the movie ﬁle II (see the Supporting
Information).
To illustrate the potential applications of the PENGs, we
demonstrated that they may be used as the power sources for
wireless sensors. Figure 4a shows a wireless temperature sensor
system, which includes the temperature sensor, the signal
processing unit, and the ﬂexible antenna. It can be driven by a
rechargeable Li-ion battery with a voltage of 2.8 V, as shown in
the inset of Figure 4a. Figure 4b shows the received signal from
the wireless temperature sensor, indicating that the temperature
at that time was about 296.2 K. Figure 4c shows the change in
temperature in about a half an hour recorded by the wireless
temperature sensor with each data for 1 min. The working
distance of the wireless sensor can be larger than 50 m.
C
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Figure 3. (a) Schematic that illustrates the process for charging the Li-ion battery and driving a LED. (b) Photograph of the fabricated Li-ion battery.
(c) SEM image of the obtained TiO2 nanotubes. (d) The charging and discharging curves of the Li-ion battery by using the PENG. (e) Photograph
of a green LED driven by the Li-ion batteries.

charged by the PENG under diﬀerent working frequencies from
0.005 to 0.02 Hz, which can be used to drive a green LED. Our
study demonstrates the great potential of PENGs for wireless
sensors.
Methods Summary. Fabrication of the PENG and Li-Ion
Battery. A 300-nm-thick Ni layer as the electrode was
deposited on both the top and bottom of the PZT ﬁlm. We
applied a high voltage of larger than 4 kV across the PZT ﬁlm
for electric poling at room temperature. Two Cu wires were
used to connect the device and the electrical measurement
system, where the Cu wires were ﬁxed on the surface of the
device by the silver paste. A Kapton tape was used to cover the
silver paste to keep a good contact between the Cu wire and the
Ni electrode. The TiO2 nanotubes were grown by electrochemically anodizing Ti foil in ethylene glycol solution,20,21
which was used as the anode material of the Li-ion battery. The
cathodes are LiCoO2/conductive carbon/binder mixtures on
aluminum foils. The polyethylene ﬁlm was used as the separator
material.
Measurement of the PENG, Li-Ion Battery, and Wireless
Temperature Sensor. The output voltage of the PENG was
measured by a low-noise voltage preampliﬁer (<3 V, Stanford
Research SR570; >3 V, Keithley 6514 system electrometer).
The output current of the PENG was measured by a low-noise
current preampliﬁer (Stanford Research SR560). A heater was

Currently, the Li-ion battery still cannot be charged to 2.8 V by
the fabricated PENG since the obtained current is not large
enough to completely overwhelm the universally existing selfdischarge of the battery. To increase the output current of the
PENG, one possible method is to increase the area of the
device according to equation of I = pA(dT/dt). Figure 4d
shows the output current of a new device is up to 0.8 μA, which
is two times larger than that of the device in Figure 2b, where
the corresponding area is two times larger than that of PENG
in Figure 2b. By using the output voltage and current equations
of the PENG, we can ﬁnd that the increase of both the
pyroelectric coeﬃcient and the change in temperature can
enhance both the output voltage and the current. Moreover, the
output voltage can be improved by increasing the thickness of
the PZT ﬁlm, which has been discussed in eq 4.
In summary, we have demonstrated the high output
pyroelectric nanogenerator based on a PZT ﬁlm for harvesting
thermal energy. Under a temperature change of 45 K at a rate
of ∼0.2 K/s, the pyroelectric output voltage and current density
of the PENG are ∼22 V and ∼171 nA/cm2, respectively. The
single output peak can be used to directly drive a LCD. The
theoretical calculation and analysis indicate that the high output
performance of the PENG is associated with the large
pyroelectric coeﬃcient, the change in temperature, and the
thickness of the ﬁlm. A homemade Li-ion battery can be
D
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Figure 4. (a) Photograph of a wireless temperature sensor. The inset shows the photograph of a rechargeable Li-ion battery. (b) The obtained
temperature signals when the wireless temperature sensor was turned oﬀ and on. (c) The obtained temperature data in half an hour, where the
temperature value was recorded in every 1 min. (d) Output current of the new PENG when the surface area of the device was increased to 2 times as
compared with that in Figure 2b.

used to apply a cyclic change in temperature of the PENGs,
where a temperature sensor was used to detect the change in
temperature of the PENGs. The performance of the Li-ion
battery was measured by a battery analyzer (MTI Corporation).
There are eight channels, which can be used to measure eight
batteries at the same time. The used wireless temperature
sensor has an accurate of ±1 K, and the working distance is
larger than 50 m, which can be used for environmental
temperature monitoring.
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