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ARTICLE INFO ABSTRACT

Keywords: Piezoelectric nanogenerator is an emerging technology that can convert irregular discrete mechanical energy in
Piezoelectric nanogenerator the environment into electricity, which provides a long-term continuous power supply solution for mobile
Nanogenerator

distributed electronics. However, it is still difficult to effectively harvest the large impact mechanical energy.
Here, we developed a new kind of three-dimensional spirally coiled piezoelectric nanogenerator (SC-PENG),
which can effectively convert irregular axial impact forces into uniform radial pressures, and achieve large-scale
impact mechanical energy harvesting (corresponding pressures range from 80 kPa to 6.32 MPa). Especially,
under a large impact pressure of 3.05 MPa, the output current, voltage and the equivalent transfer charge density
of SC-PENG is up to 196 pA, 36 V and 2550 pC m~2 respectively, which break the record of PENG among
previous studies. The volume of the piezoelectric film and the corresponding volume charge density are 0.224
em™ and 580 nC cm ™3, respectively. Moreover, factors such as particle connectivity and modulus of the
piezoelectric film are explored in detail, which can further improve the electromechanical conversion capability
of PENG. This work not only achieves high electrical output of PENG, but also paves an efficient strategy for large

Mechanical energy harvesting
Large impact pressure
Spirally coiled structure

impact mechanical energy harvesting towards practical application.

1. Introduction

With the rapid development of human information society, large
numbers of distributed mobile electronics are widely used in industrial
production and daily life [1,2]. Developing a new power supply way that
can keep electronics working stably for a long time is extremely urgent.
As a new electromechanical conversion technology based on piezo-
electric effect, piezoelectric nanogenerator (PENG) that can convert the
discrete and low-frequency irregular mechanical energy in the sur-
rounding environments into electricity draws lots of attention, and has
made important progress in the fields of mechanical energy harvesting
and self-powered sensing system [3-7]. PENG has the advantage of
stable output without interference from environmental temperature,
humidity, and other factors [8-10], providing a reliable option for the
continuous power supply of the Internet of Things electronics. However,
due to the limited piezoelectric and mechanical properties of piezo-
electric nanowires or composite films, only a specific range of weak
mechanical energy can be harvested, and the output current of PENG
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remains low, which severely hinders their practical applications, espe-
cially in large impact energy harvesting in our life.

To enhance the output of PENG, a series of schemes and technologies
have been proposed, such as integration of nanowire arrays [11-13],
multi-device series-parallel connection [14,15], selecting or synthesiz-
ing materials with strong piezoelectricity [8,16-18], dielectrophoresis
and frozen template casting [19-21] and so on. Based on the above
methods, the output voltage and current of PENGs have been increased
from 8 mV to 250 V, and from 0.4 nA to 353 pA, respectively [3,8,
22-24], and the equivalent surface charge density reaches 1690 pC m 2.
It can be concluded from these efforts that the core of improving output
is to improve the effective piezoelectricity of piezoelectric modules.
Compared with materials such as piezoelectric nanowires and ultrathin
piezoelectric ceramic sheets with complicated preparation processes,
piezoelectric composite films have been investigated emphatically
because of their outstanding flexibility, wide material choice, and simple
preparation process etc [25-29], and the content of piezoelectric parti-
cles in the composite films is easy to adjust, which can improve the
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output of PENG and have a wider application. Piezoelectric composite
films consist of piezoelectric particles with excellent piezoelectric
properties and highly flexible polymers, in which the connectivity of
piezoelectric particles and the mechanical properties of polymer matrix
are the keys to improve the output of composite films. The introduction
of dielectrophoresis or frozen template casting in the preparation of
films can substantially enhance the connectivity of particles, and the
mechanical properties of films can also be improved by selecting high
modulus polymer matrix with proper thickness [30,31]. Nevertheless, a
certain number of piezoelectric particles agglomeration and many
non-uniform inorganic particle-polymer interfaces still exist due to the
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density and surface states difference between piezoelectric particles and
polymer molecules. This situation leads to the stress concentration of the
composite film, which results in the film not being able to bear excessive
external force [32].

On the other hand, the development of PENGs with novel structures
can also improve the output, such as curved-type [33],
three-dimensional (3D) interdigital electrode structure [24,34], and
rugby ball-structured [23]. Effective prestress and proper geometric
structure provide a basis for more efficient energy harvesting. In
particular, 3D structures have special mechanical properties of spatial
structures, for example, the cymbal-type structure [35,36] can
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Fig. 1. Characterization of the PZT/epoxy resin composite film and the effect of dielectrophoresis (DEP) AC fields on the film properties. a Schematic diagram of the
preparation of oriented PZT/epoxy film using DEP. b SEM images of the cross-section of the un-oriented and oriented PZT/epoxy films. c Potential distribution of un-
oriented and oriented composite films in a polarized electric field. d The output current of un-oriented and oriented films. e Variation trends of output current and
voltage (peak to peak value) of PZT/epoxy films under different AC fields. f and g Polarization—electric field (P-E) hysteresis loops and remnant polarization (P;) of
PZT/epoxy films treated by DEP in different AC fields. h and i Peak-to-peak value variation of output current and voltage for un-oriented and oriented PZT/epoxy

films with increasing polarization field.
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withstand dynamic heavy loads by turning the axial force into the radial
force, which means that it can collect a wide range of mechanical en-
ergy, especially in large impact mechanical energy. Therefore, effective
harvesting of large impact mechanical energy can be achieved from two
aspects: optimizing composite film piezoelectricity and constructing 3D
structure.

In this work, we developed a three-dimensional spirally coiled
piezoelectric nanogenerator (SC-PENG), which can harvest a wide range
of impact mechanical energy more effectively (corresponding pressures
range from 80 kPa to 6.32 MPa). Specifically, under a large impact
pressure of 3.05 MPa, the output current and voltage of SC-PENG are
196 pA and 36 V, respectively. The equivalent transfer charge density
reaches 2550 pC m~2, which is 1.5 times the record of PENG in litera-
tures. In addition, dielectrophoresis technology and epoxy resin with
high modulus are introduced to prepare a highly flexible PZT/epoxy
piezoelectric composite film with excellent piezoelectricity, which can
further improve the output performance of PENG. Our study provides a
promising strategy for achieving high performance PENGs for large-
scale impact mechanical energy collection in practical applications.

2. Results and discussion
2.1. Optimization of the connectivity of PZT particles in PZT/epoxy film

Reducing the agglomeration and improving the connectivity of
piezoelectric particles in polymers is an effective way to ensure the
piezoelectricity of ceramic-polymer composite films. Here, we use die-
lectrophoresis (DEP) to improve the connectivity of PZT particles in the
PZT/epoxy film (the process schematic of DEP shown in Fig. 1a). The
irregularly shaped PZT particles are subject to an inhomogeneous
Coulomb force from periodic vibrations during the curing process of the
epoxy, which promotes the PZT particles to turn and move slightly and
finally form a linear distribution. Fig. 1b shows the cross-sectional SEM
images of the PZT/epoxy film before and after DEP, of which the PZT
changes from an unordered random distribution state to an oriented
connected structure with linear distribution. The finite element analysis
is used to simulate the polarization potential distribution of the PZT/
epoxy film before and after DEP, as shown in Fig. 1c. The potential
difference between the two ends of oriented PZT particles increases
substantially, which promotes the effective polarization of PZT particles.
Then, we characterized the output of un-oriented and oriented PZT/
epoxy film based nanogenerators (Fig. 1d). The output current peak of
the oriented PZT/epoxy film is about 16.4 pA, which is about 8 times
that of the un-oriented film. Figs. 1e and S3 show the variation trend of
the peak-to-peak values of current and voltage (I,., and Vp.p) versus the
strength of electric field, indicating that the AC field strength employed
by the DEP can directly affect the orientation of PZT particles. The
output of the PZT/epoxy film shows a linear increase in the intensity of
the AC field less than 1.5 V um ™. With the AC field increasing to 2.5 V
pm %, the increasing trend of PZT/epoxy film output began to become
slow. Furthermore, we explored the changes of the polarization-electric
field (P-E) hysteresis loop (Fig. 1f) of PZT/ epoxy films prepared by
different AC field treatments. Comparing the corresponding remnant
polarization (P,) of different PZT/epoxy films (Fig. 1g), the variation
trend is consistent with that of the output current, the remnant polari-
zation of the well-oriented PZT/epoxy film is 0.177 uC cm ™2, which is 14
times higher than the un-oriented PZT/epoxy film, indicating that the
improvement of PZT particle connectivity increases the piezoelectricity
of the PZT/epxoy film. Besides, the piezoelectric coefficient of un-
oriented PZT/epoxy film is 0.3 pC N~! and increased to 2.9 pC N}
after orientation treatment, which also shows the enhancement of
piezoelectricity of PZT/epoxy film. In order to investigate the effect of
polarization field intensity on output of unoriented and orientated PZT/
epoxy film, different intensity of 0, 0.5, 1.0, 2.5, 5.0, 7.5, and 10.0 V
pm ! are applied, and the results are shown in Figs. 1h,i and S4. It can be
observed that polarization of the oriented PZT/epoxy film has been
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completed under the polarization field of 2.5 V pm™!, and the output
tends to be stable as the increase of intensity. Nevertheless, the output of
un-oriented PZT/epoxy film increases synchronously with increase of
polarization field intensity, which is only 1/3 that of the oriented PZT/
epoxy film under a polarization field of 10.0 V um 1. A PZT/epoxy film
with well-oriented PZT particles forms a continuous linear structure, and
the significant improvement in PZT connectivity benefits the polariza-
tion of PZT particles and improves the transport path of the force. Thus,
the well-oriented PZT can generate larger deformations compared to un-
oriented PZT/epoxy films, which is advantageous to increase the output
performance of PENG.

2.2. Improvement of the PZT/epoxy film’s mechanical properties

The Young’s modulus of the piezoelectric composite film directly
affects the transfer of the applied force. A high modulus of the composite
film could help to improve the output of PENG [37]. Compared with
mainstream composite film matrix polymers such as poly-
dimethylsiloxane (PDMS) and poly(vinylidene difluoride) (PVDEF),
epoxy resin has the advantages of controllable modulus, high strength
and excellent chemical resistance [38,39]. Hence, the mechanical en-
ergy harvesting efficiency of PENG can be improved by optimizing and
improving the Young’s modulus of epoxy matrix. At first, seven kinds of
epoxy films were prepared by adjusting the ratio of prepolymer
SL3010A, prepolymer SL3423 and curing agent SL3010B respectively.
With the increase of the relative content of prepolymer SL3010A, those
epoxy resin films were named as epoxy 1 to epoxy 7 respectively (see
Table S1 for details). The stress-strain curves of seven kinds of epoxy
films are shown in the Fig. S5. The elastic strain range decreases and the
curve slope of the corresponding films increases substantially with the
increase of the relative content of the high-density prepolymer SL3010A,
which indicates that the Young’s modulus of the epoxy film increases.
The corresponding Young’s modulus of the epoxy film is calculated to be
1.4, 56,122, 330, 414, 556, and 2420 MPa, and the results are shown in
the black histogram in Fig. 2b. Subsequently, the stress-strain curves of
seven kinds of PZT/ epoxy composite films after adding PZT particles
were also explored, and the results are shown in Fig. 2a, where the slope
of the PZT/epoxy film curves slowly increases with increasing modulus
of the epoxy matrix. The modulus of PZT/epoxy film increases syn-
chronously compared with that of pure epoxy film, and the corre-
sponding Young’s modulus of PZT/ epoxy film increases to 1.9, 64, 144,
380, 695, 912 and 3260 MPa respectively. Furthermore, we character-
ized the output of PENG based on different Young’s moduli PZT/epoxy
film, and the output current and output voltage change trend as shown
in the Figs. 2¢,d and S6, which indicates that the increase of PZT/epoxy
film modulus effectively improves the output of PENG. To sum up, the
Young’s modulus and fracture toughness of the PZT/epoxy film are
improved by using high-density prepolymer SL3010A and adding PZT
particles with linear distribution both strengthen particle bridging effect
and interlocking effect [40,41], which can enhance the transmission
effect of external forces and hence improve the output of PENG.

2.3. Output performance of the typical sandwich structure PENG

To characterize the output performance of the optimized PZT/Epoxy
film, we fabricate the PENGs with typical sandwich structure as shown
in the schematic diagram (Fig. 3a), which illustrates the distribution
state of PZT particles in the composite film. The experimental results of
output current and voltage of the PENGs under different pressures are
shown in Fig. 3b,c. As the pressure increases from 0.32 MPa to
1.66 MPa, the output current and voltage increase from 8.8 pA and 5.4 V
to 212 pA and 74 V, respectively. The maximum current density of the
PZT/epoxy film reaches 126 pA cm™2, which is much higher than the
record among the ceramic-polymer composite film based PENGs in
literature (Fig. S7). However, to further increase the applied stress, the
PENG cannot continue to work properly since the PZT/epoxy film start
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Fig. 2. Mechanical properties of PZT/epoxy films and effect on the electric output performance. a and b Stress-strain curves and corresponding Young’s modulus of
different epoxies. ¢ and d Variation trend of output performance of PZT/epoxy films with increasing epoxy modulus of PZT/epoxy composite films.

to damage. Fig. 3d(i) shows the stress distribution within PZT/epoxy
films under small and large impact pressure respectively. Regardless of
the impact pressure size, the stress area of the device is mainly
concentrated in the contact area with the external force, and the
maximum pressure appears at the contact boundary, which makes the
boundary prone to stress concentration. Even though the stress con-
centrations will appear at the contact boundary under small pressure, it
is not enough to damage the device, and hence can harvest mechanical
energy normally. With the rapid increase of external pressure, the stress
concentrations of device at the contact boundary increase significantly,
and the PZT/epoxy film itself stress concentration further aggravates the
stress concentration of the contact boundary, which leads to the device
fracture and results in PENG incapability of working under large impact
pressure.

2.4. Design of SC-PENG to harvest large impact mechanical energy

In order to harvest large impact mechanical energy more effectively,
it is the key to reduce the stress concentration of devices. Here, a 3D
spirally coiled structure is constructed to change the pressure distribu-
tion of the PZT/epoxy film as shown in Fig. 3d(ii). When the convex
spherical part at the top of the super-elastic rubber column is subjected
to external impact pressure, it can turn the impact pressure into radial
outward pressure to drive the PZT/epoxy film wound around the super-
elastic rubber column to deform, which avoids the direct contact be-
tween the external impact pressure and the PZT/epoxy film and ho-
mogenizes the pressure of the PZT/epoxy film. Compared with the
pressure distribution of the PZT/epoxy film of 3D structure and flat

structure, the stress concentration of the PZT/epoxy film is obviously
reduced. The 3D structure enhances the ability to resist impact pressure,
and it can more effectively harvest large impact mechanical energy. To
demonstrate the practical performance of 3D structure design, a new
kind of 3D spirally coiled piezoelectric nanogenerator (SC-PENG) is
developed (Figs. 3e and S8), which consists of a PDMS column with a
bulbous structure at the top, a double-layer PZT/epoxy film wound on
the PDMS column, and polycarbonate outside the PZT/epoxy film to
provide rigid restraint. The double-layer PZT/epoxy film is coiled to
construct alternating positive and negative polarization directions,
which improves the utilization rate of radial pressure and can harvest
mechanical energy more effectively. When the bulbous end of PDMS is
pressed, the radial pressure of the middle annular surface is maximum,
and presents a decreasing distribution from the center to the edge of
PDMS column. Subsequently, the output performance of 3D SC-PENG
with optimized electrode (Fig. S9) and typical sandwich structure
PENG under different impact pressures are characterized (Figs. 3f and
S10). The planar PENG can only harvest mechanical energy within a
relative small pressure range (less than 2 MPa) and more sensitive under
weak external force, whereas the SC-PENG can harvest energy under a
wide range of impact pressure and more efficient in large impact pres-
sures (larger than 6 MPa). The transfer charge density of SC-PENG can
even reach 29. 6 nC cm ™2 under an impact pressure of 6.32 MPa. The
results indicate that SC-PENG is more suitable for harvesting large
impact mechanical energy owing to the unique 3D structure.
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and SC-PENG under different impact pressures.

2.5. Output performance and application of SC-PENG

To further improve the output performance of SC-PENG, the effect of
coil number of a double-layer PZT film on the output was explored
(Fig. 4a,b). With the number of coils increases from 1 to 5, the output
current gradually increases from 19.5 pA to ~98 pA, whereas the output
voltage decreases from 39 V to 18.4 V. Although the peak current rea-
ches the maximum of 98 pA at 4 coils, the peak-to-peak value of current
is close to that of SC-PENG with 5 coils, which are 176.8 pA and 176 pA,
respectively. More coils provide more working area, which means that
more surface polarized charges can be generated, resulting in higher
output current and transfer charge density, which is also shown in

Fig. 4c. As the number of coils increases, the radial pressure decreases
along the thickness direction and the polarized charge generated by the
outer layer PZT/epoxy films gradually decreases compared with the
single-coiled state. Since the electrodes are shared, the overall output
voltage will be reduced after the system is balanced [24]. Further
increasing the number of coils will aggravate the attenuation of output
voltage, which impedes the practical application of the SC-PENG. Thus,
we choice 5 coil in the following research. Fig. 4d,e show the output
current and voltage of the SC-PENG with 5-coil under an impact pressure
of 3.05 MPa, namely 196 pA and 36 V. The corresponding transfer
charge density is about 2550 pC m~2, which is much higher than the
previously reported PENGs in literatures [24,42-46] (Fig. 4f). In order to
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find out the equivalent internal resistance of the SC-PENG and the cor-
responding maximum output power density, the load peak currents and
voltages (Fig. 4g) are measured under a series of external loads. Ac-
cording to the power formula: P = I%R, the output peak power density of
the SC-PENG reaches ~3.72 mW cm ™2 with an external load of 0.15 MQ
(Fig. 4h), which is close to the theoretical maximum power density
(~3.75 mW cm~2) at a theoretical optimal load resistance (~0.23 MQ)
(Fig. S11). In addition, The output performance of SC-PENG at different
impact frequencies is also explored, showing excellent mechanical en-
ergy harvesting ability at different frequencies (Fig. S12). The stability
and reliability of SC-PENG are also examined. After enduring multiple
cyclic impact pressures, no obvious degradation of the output current is
observed (Figs. 4i, S13), which indicates the stability of SC-PENG. Above
results demonstrate that the SC-PENG can harvest large impact me-
chanical energy more effectively.

Large impact mechanical energy can be seen everywhere in life, for
example, the mechanical vehicles or people moving can generate a wide
range of impact pressure from a few newtons to hundreds of thousands
of newtons. If a SC-PENGs array is constructed as envisaged in Fig. 5a, a

self-powered system for electrical equipment could be achieved. To
demonstrate the potential applications of SC-PENGs for harvesting large
impact mechanical energy, we first compare the output of the typical
multilayer stacked integrated PENG and SC-PENG with equivalent
working area under a pressure of a 70 kg adult fast running (Fig. 5b).
The multilayer stacked PENG is gradually damaged under continuous
trampling, whereas the SC-PENG can stably and continuously harvest
the mechanical energy generated by fast running, showing the advan-
tages of SC-PENG in harvesting large impact mechanical energy. After-
wards, an array of SC-PENGs is constructed, and the output of SC-PENG
array at different human motion speeds is characterized (Fig. 5c,d). The
peak current and voltage can reach up to ~15 pA and ~40 V under
normal walking, which enable lights 27 green LEDs without any circuit
management (Fig. 5e), and output can be further increased to ~32 pA
and ~80 V under fast running. Furthermore, with the use of full-wave
rectifier, the electric energy captured by fast running is stored in 1 pF
and 47 pF capacitor (Fig. 5f,g and h), respectively. The charge generated
by each step at fast running is calculated to be 130 nC with a corre-
sponding charge density as 517 pC m~2. The variation of the voltage of
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Fig. 5. Application demonstration of the SC-PENG for harvesting large impact mechanical energy. a Schematic diagram of large impact energy harvesting on roads. b
Output of the multilayer stacked integrated PENG and SC-PENG during a 70 kg adult fast running. ¢ and d Output of SC-PENG array during normal walking and fast
running. e SC-PENG array can directly light 27 green LEDs without rectification under normal walking. f The charging curve for a 1 yF capacitor after rectified under
fast running. g The corresponding charging rate calculated as 130 nC per cycle. h The charging and discharging curve for a 47 pF capacitor, inset: the photography for

powering a temperature hygrometer.

47 pF capacitor during the charging and discharging process (Fig. 5h),
and discharge process of capacitor corresponds to power supply for a
commercial temperature hygrometer (inset in Fig. 5h). The applications
above can strongly prove the high-output performance of SC-PENGs for
large impact mechanical energy harvesting. It could further generate
large output energy by optimizing the structural design, increasing the
array density of SC-PENG.

3. Conclusions

To summarize, we developed a new kind PENG with spirally coiled
structure, which can convert irregular axial impact forces into uniform
radial pressures and hence effectively harvest large-scale impact me-
chanical energy (corresponding pressures range from 80 kPa to
6.32 MPa). Specifically, under a large impact pressure of 3.05 MPa, the
output current and voltage of SC-PENG are 196 pA and 36V,

respectively. The equivalent transfer charge density reaches 2550 pC
m~2, which is 1.5 times the record of PENG in literatures. Additionally,
the output of PENG is further improved by using dielectrophoresis to
improve the connectivity of PZT particles in the film and selecting high-
modulus epoxy resin to enhance the force transmission ability of the
film. This work provides a promising strategy for achieving high per-
formance PENGs for large-scale impact mechanical energy harvesting in
practical applications.

4. Experimental section
4.1. Preparation of PZT/epoxy composite films
Lead zirconate titanate powder particles with an average diameter of

1 um were purchased from Baoding Hongsheng Acoustic Electronic
Equipment Co., Ltd. (China) (Characterized in Fig. S1). The epoxy
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selected for the present investigation is based on two optically trans-
parent component systems (SL3010, Zhuzhou Shilin Polymer Co., Ltd.
China). SL-3010A and SL-3010B are prepolymer and curing agent, the
soft resin SL-3423 is used as toughening agent to adjust the Young’s
modulus of epoxy film. First, SL-3010A and SL-3423 prepolymers were
mixed with various weight ratios and then the appropriate amount of
PZT powder was added to stirring. Next, the curing agent SL-3010B was
added to the mixed slurry and stirred continuously. After the PZT par-
ticles, prepolymer and curing agent were sufficiently and uniformly
mixed, the slurry was put into the vacuum equipment to remove the
bubbles generated by stirring. Finally, the slurry was poured on ITO
glass with a certain groove, and another ITO glass was lightly over-
lapped on the top surface of the slurry. AC fields of different intensities
were introduced into the two ITO glasses for dielectrophoresis at a fre-
quency of 50 Hz. Finally, the mixed slurry is wholly cured, and the PZT/
epoxy composite film was obtained by peeling it out of the two ITO
glasses.

4.2. Fabrication of the flat PENGs and the SC-PENGs

The PZT/epoxy film was cut into a dimension of 2.5 x 1.6 cm? and
then conductive silver paint was sprayed (Shenzhen Jingzhe technology
co., ltd. China) to form coating (2.1 x 0.8 cm?) as the bottom and top
electrodes. Narrow strips of Al foil were attached on the electrodes as
wire by ultra-thin conductive adhesive with a thickness less than 10 pm,
and the sandwich structure PENG was fabricated. As for the SC-PENG,
two PZT/epoxy films were coiled into a coiled structure using a metal
rod with a diameter of 8 mm as the core, and then the metal rod was
removed from the double piezoelectric layer device with a tubular
hollow structure. Then the double piezoelectric layer device was put into
a polycarbonate plate with a circular groove, and a PDMS column pre-
pared by template method with bulbous structure was inserted into the
hollow area of the double piezoelectric layer device. Then an appro-
priate amount of PDMS was added for bonding, and epoxy was added
into the gap between the double piezoelectric layer device and the
polycarbonate plate. The SC-PENG was obtained after the epoxy and
PDMS were completely cured, and the detailed device preparation
process is shown in Fig. S14. Finally, the sandwich structure PENG and
SC-PENG were electrically polarized at 90 °C under 5kV mm™! for
60 min.

4.3. Characterization and measurement

The morphology of PZT and PZT/epoxy composite films was ob-
tained by field emission SEM (Hitachi S-4800). Ferroelectric hysteresis
loop was observed via a standard ferroelectric testing system (aix ACCT,
TF Analyzer 3000) at room temperature. The stress-strain curve was
measured by a universal testing machine (Instron 3343 material testing
machine). The short-circuit current of PENG was measured by a low-
noise current amplifier (Stanford, SR570), and the open-circuit voltage
of PENG was measured by a data acquisition card (National Instrument
BNC-2120).
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