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Flexible and stable piezoelectric nanogenerators
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CsPbBrsz perovskite has garnered significant attention in the field of optoelectronics due to its exceptional
photoelectric properties. In this study, we report the fabrication of a piezoelectric nanogenerator (PNG)
composed of a composite of monoclinic phase CsPbBrsz nanocrystals and polydimethylsiloxane. This is
the first instance of a PNG based on the monoclinic phase of CsPbBrs. The PNG device has been opti-
mized to operate at a frequency of 30 Hz and exhibits impressive output performance, generating a peak-
to-peak output voltage of 50 V, an output current of 5.5 pA and a power density of 2.5 pW cm™2 when
subjected to an applied force of only 4.2 N over an effective area of 8 cm?. The energy generated by this
PNG can be efficiently collected using capacitors with a high energy conversion efficiency of 21.7%.
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Furthermore, the output voltage of the PNG remains at 98.5% of its initial value after 20 days, demonstrat-
ing exceptional stability. This study highlights the great potential of CsPbBrs perovskite materials for the
simple and cost-effective fabrication of high-performance multifunctional piezoelectric energy harvesting
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Introduction

Over the past few decades, the global crisis of non-renewable
energy depletion and environmental pollution has led to a
surge in research on renewable energy sources. Among these,
solar energy and mechanical energy are considered ideal sub-
stitutes due to their abundance, ease of access, and pollution-
free nature.”” Notably, piezoelectric nanogenerators (PNGs)
based on piezoelectric materials have garnered significant
attention because of their excellent performance in converting
mechanical energy into electrical energy.® In 2006, Wang et al.
pioneered the development of a PNG utilizing vertically grown
ZnO nanowires.* Subsequently, various piezoelectric materials,
including GaN, PZT, and BaTiOj;, have been synthesized for
the construction of PNGs.”” However, the preparation and
growth of these inorganic nanomaterials are complex, requir-
ing costly processing and high growth temperatures.
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Furthermore, their rigidity and brittleness limit their specific
deformation range. Therefore, there is an urgent need to
develop materials that can be synthesized simply, are cost-
effective, and exhibit excellent performance for assembling
PNGs.*

Since 2013, when halide perovskite materials were first
demonstrated for use in solar cells, there has been a notable
surge in reports of perovskite-based optoelectronic devices,
including solar cells, light-emitting diodes, photodetectors,
and lasers.”"* Recently, halide perovskite materials have also
been applied to PNGs due to their exceptional piezoelectric
properties. In 2015, Kim et al. reported the first MAPbI;-based
PNG with a piezoelectric output voltage of 2.7 V and a current
density of 140 nA cm™>" Just a few months later, Ding’s
group developed a FAPbBr;-based PNG with an output voltage
of 8.5 V and a current density of 3.8 pA cm™2."* Since then, the
performance of PNGs based on organic-inorganic hybrid per-
ovskites has gradually improved, indicating their potential as
piezoelectric materials suitable for assembling PNG devices.
However, organic-inorganic hybrid perovskites exhibit chemi-
cal instability when exposed to ambient environments, particu-
larly at high temperatures, due to the moisture absorption and
volatility of organic cations."> Generally, inorganic materials
exhibit greater stability at high temperatures compared to
organic materials. Therefore, research on all-inorganic halide
perovskite CsPbBr;, which lacks any organic components, has
garnered significant attention. Theoretical studies have shown
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that the simulated polarization value of CsPbBr; is 0.45 pC
em™?, with the potential for a 50-fold increase through lattice
distortion under compressive stress.'® Experimental results
reveal that the piezoelectric coefficient of the polycrystalline
CsPbBr; film is 40.3 pm V™, and the optimized CsPbBr; film-
based PNG exhibits an output voltage of 16.4 V and a current
density of 120.8 nA cm 2" Unfortunately, the intrinsic
instability of halide perovskites, stemming from their ionic
nature, greatly limits their practical applications.'®
Additionally, while the concentration of the perovskite precur-
sor solution is directly proportional to the output performance
of the prepared thin-film PNG device, further enhancing the
device’s performance is challenging due to the low solubility
of CsBr."”

An effective route to solving the aforementioned problems
involves preparing CsPbBr; nanocrystals (NCs) in advance and
subsequently mixing them with stable polymer precursors to
form NCs-polymer composite films. This approach offers two
advantages: it increases the CsPbBr; content in the film and
the polymer serves to mitigate the impact of perovskite on
thermal, water, and acid-base stability."®*° Among various
polymer materials, polyvinylidene fluoride (PVDF) is a popular
choice as a polymer matrix for piezoelectric PNGs.?! In recent
years, several CsPbBr; PNGs have been prepared using PVDF
as the polymer matrix to encapsulate perovskite NCs, includ-
ing CsPbBr; NCs@PVDF composite fiber-based PNGs and
CsPbBr; NCs@PVDF composite film-based PNGs.>**7>* For
the fabrication of PVDF@CsPbBr; NC composites, polar
aprotic solvents such as dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO) are commonly used. However, the
hydrophobic ligands attached to the surface of the CsPbBr;
NCs can undergo undesirable chemical reactions with polar
aprotic solvents, leading to significant degradation or even dis-
solution of the CsPbBr; NCs.”>?® Polydimethylsiloxane (PDMS)
is considered a reliable choice as a polymer matrix for the
preparation of high-quality NCs-polymer composite films due
to its remarkable flexibility and high thermal stability.””
Additionally, the preparation process of CsPbBr; NCs-PDMS
films does not require polar aprotic solvents. Furthermore, the
reported crystalline phases of CsPbBr; in PNGs are mainly the
cubic phase and the orthorhombic phase. The monoclinic
phase of CsPbBr; shows good phase stability under high
pressure and is suitable for PNG devices.”® Monoclinic phase
and cubic phases of CsPbBr; possess similar lattice structures
and theoretically have piezoelectric properties.” To the best of
our knowledge, there has been no report on monoclinic phase
CsPbBr; perovskite-based PNGs.

Here, a high-performance PNG based on the monoclinic
phase CsPbBr; NCs and PDMS (CsPbBr; NCs @ PDMS) com-
posite film is present. Monoclinic phase CsPbBr; NCs were
synthesized using the emulsion synthesis method at ambient.
These CsPbBr; NCs are embedded in the PDMS polymer
matrix to form high-quality piezoelectric composite films with
high flexibility, allowing the device to bend when horizontal or
vertical forces are applied to both sides of the film. Then, the
composite film is sandwiched between a Cu and PET/ITO (ITO
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coated polyethylene terephthalate plastic substrate) electrode.
After thermal annealing (The annealing temperature should
be less than 130 °C to avoid phase transition.) and high elec-
tric field poling pretreatment, the piezoelectric output signals
of PNG when applying and releasing forces in the vertical
direction are measured.>® Applying a force of 4.2 N over an
effective area of 8 cm” with a frequency of 30 Hz, a peak-to-
peak output voltage of 50 V and an output current of 5.5 pA
can be obtained. The energy generated from the PNGs can be
used to charge a commercial capacitor. Besides, the output
voltage of PNGs can still be maintained at 98.5% of the initial
value after 20 days, which show excellent stability. These
results show that CsPbBr; perovskite materials have great
potential to simply and economically fabricate high-perform-
ance piezoelectric energy harvesting devices.

Results and discussion

Fig. 1 displays the schematic illustration depicting the entire
process of PNG device preparation. Corresponding photo-
graphs captured during the experimental operation are pre-
sented in Fig. S1.1 The fabrication process can be divided into
three main parts: (I) synthesis of CsPbBr; NCs, (II) the syn-
thesized NCs are then mixed with PDMS and a polymerization
agent; this mixture is subsequently cast onto a flexible elec-
trode, and the CsPbBr;@PDMS composite film is obtained
through degassing and annealing treatments, and (III) finally,
a copper electrode is assembled on the other side of the com-
posite film, and the PNG device is polarized at a high voltage.
Detailed experimental procedures for each step can be found
in the Experimental section of the ESL.

CsPbBr; NCs were synthesized using the emulsion syn-
thesis method, which enables large-scale production (0.5 g
using 50 mL solution) in ambient air at room temperature.
The left side of Fig. 2a displays a photograph of the yellow, dry
solid CsPbBr; NC powder, which emits bright green light
under a UV lamp. This powder can be easily redissolved in
hexane to form a CsPbBr; NC solution. Fig. 2b shows the UV-
vis absorption and PL spectra of the CsPbBr; NC solution. The
absorption spectra exhibit a clear exciton absorption peak at
500 nm, while the PL spectra show a narrow PL emission peak
at 516 nm with a full width at half maximum (FWHM) of
approximately 20 nm. The small Stokes shift of about 16 nm is
characteristic of luminescent materials with excitons, indicat-
ing that the PL emission of CsPbBr; NCs is primarily due to
exciton recombination.?® The morphology of the CsPbBr; NCs
was investigated using transmission electron microscopy
(TEM). Fig. 2c reveals that they are cubic-shaped and mono-
disperse, with an average size of 13 nm (Fig. S2t). X-ray diffrac-
tion (XRD) was used to evaluate the CsPbBr; NCs@PDMS com-
posite film at room temperature (Fig. 2d). The XRD patterns of
the composite film can be indexed to the monoclinic phase of
CsPbBr; (JCPDS Card No. 18-0364), which is consistent with
previous reports, indicating that the structure of the CsPbBr;
NCs maintains good stability during the entire fabrication
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Fig. 1 Schematic illustration outlining the entire fabrication process of PNG devices. (a—d) Synthesis process of CsPbBr; NCs. (e—h) Fabrication
process of the CsPbBrs@PDMS composite film. (i) Assembly and polarization of PNG devices.
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Fig. 2 (a) Photographs of CsPbBrz NC powder taken under daylight and a UV lamp. (b) UV-vis absorption and PL emission spectra of a typical
CsPbBr; NC solution; inset shows the crystal lattice of the CsPbBrs perovskite. (c) TEM image of CsPbBrs; NCs. (d) XRD pattern of the CsPbBrs
NCs@PDMS composite film. Standard XRD pattern of monoclinic CsPbBr3 corresponds to JCPDS Card No. 18-0364.
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process of the composite films.>*' Other peaks come from
PbBr,, possibly due to the low purity of the raw material. As
shown in Fig. S3,1 PbBr, has no piezoelectric output. The com-
posite films emit bright green light under a UV lamp, further
demonstrating their good stability (Fig. S3f). Additionally,
Fig. S41 shows that the surface of the composite films is
smooth and dense, while the film without vacuum degassing
treatment is rough and has many visible holes. This highlights
the importance of vacuum degassing as a crucial step in the
fabrication of high-quality composite films. The scanning elec-
tron microscopy (SEM) images of pure PDMS and composite
films show that the addition of CsPbBr; has no obvious effect
on the structure and surface of PDMS (Fig. S5t). Furthermore,
the CsPbBr; NCs@PDMS composite film can be substantially
bent by fingers, as shown on the right side of Fig. 2a, confirm-
ing its good flexibility and indicating its great potential for use
in embedded and wearable electronics.

Fig. 3a presents a schematic illustration of the fabricated
CsPbBr; NCs@PDMS composite-based PNG, which features a
sandwich-type layered structure with copper and PET/ITO (ITO-
coated PET plastic substrate) layers positioned on both sides
of the composite film. Prior to delving into the specific per-
formance of PNG devices, the power generation mechanism is
briefly overviewed. To achieve high power generation perform-
ance, it is essential to subject the composite film, particularly
the electric dipoles within it, to an electric polarization treat-
ment before testing. As depicted in Fig. 3b, the electric dipoles
in the CsPbBr; NCs are randomly oriented within the compo-
site film before any electrical polarization treatment is applied.
However, after applying a high electric field to the electrodes
on both sides of the composite film for a certain duration, the
initially disordered dipoles in the CsPbBr; NCs align in the
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Fig. 3 (a) Schematic diagram of the CsPbBr; NCs@PDMS composite
PNG. The arrangement of electric dipoles in CsPbBrz NCs (b) before and
(c) after high voltage polarization of the PNG device. Power generation
under (d) pressing and (e) releasing modes of the PNG device.
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same direction as the applied electric field, as shown in
Fig. 3c. Some dipoles align perfectly with the electric field,
while others are slightly tilted. Notably, each CsPbBr; NC pos-
sesses a dipole component aligned along the direction of the
electric field.*> When no external force is applied to the PNG
device, the net dipole moment within the composite film
remains zero, consequently yielding no electrical output
signal. However, when a vertical downward force is exerted on
the PNG (parallel to the direction of the electric dipoles), the
stress triggers a polarization effect, prompting the electric
dipoles in the CsPbBr; NCs to abruptly align strongly in a
uniform direction.>*?* In this manner, a negative charge
accumulates at the top of the PNG device, while another nega-
tive charge accumulates at the bottom, leading to a notable
piezoelectric potential in the direction of the applied force. In
this scenario, positive and negative charges deliberately
accumulate on the two electrodes to counteract the piezoelec-
tric potential, ultimately causing the PNG device to generate
voltage and current output signals (Fig. 3d).>* When the verti-
cal downward force is released, the piezoelectric potential gen-
erated at the moment of release diminishes, and the accumu-
lated charge on the electrode is transported in the opposite
direction (Fig. 3e). Consequently, if the PNG device is sub-
jected to continuous vertical compression, alternating current
and voltage output signals can be observed.

To validate the actual energy utilization scenario of CsPbBr;
NCs, we simulated the PNG model using the finite element
method with COMSOL software. The PNG devices were simu-
lated using adaptive piezoelectric materials with CsPbBr; NC
parameters. Specifically, we modeled square-shaped (100 pm x
100 pm) PDMS using a two-dimensional model. We con-
structed two models for simulation and comparison: a PNG
based purely on PDMS and a composite device with 12 wt%
CsPbBr; NCs added to the PDMS matrix. To further investigate
the piezoelectricity of the structure, we applied a constant
external force of 1 GPa parallel to the polarization direction
(perpendicular to the PNG device). The stress distribution and
piezoelectric potential distribution between the copper elec-
trode and the ITO electrode of the PNG device were obtained
through simulation calculations, with the results represented
in different colors. Both the pure PDMS-based PNG and PNG
with CsPbBr; NCs added to PDMS were evaluated. Compared
to the calculated results obtained from the pure PDMS PNG
(Fig. S671), adding CsPbBr; NCs to the PDMS matrix signifi-
cantly affected the stress distribution and piezoelectric poten-
tial (Fig. 4a and b), resulting in a substantial enhancement of
the piezoelectric potential. Subsequently, we investigated the
effect of adding CsPbBr; NCs on the performance of the
assembled PNG devices. The device was placed on an electric
shaker, and a metal block (cuboid, stainless steel) was placed
on top to form a sandwich structure (see Fig. S7t for a sche-
matic diagram of the test device). The frequency of the peri-
odic mechanical vibration of the electric shaker could be set
flexibly, and we tested the output voltage and current gener-
ated at different frequencies (10-50 Hz). For a PNG device
based on a 12 wt% CsPbBr;@PDMS composite with an
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Fig. 4 COMSOL simulation of the CsPbBrs@PDMS composite film and experimentally measured output voltage and current of the PNG device. (a)
The strain distribution and (b) piezo-potential distribution of the CsPbBrs@PDMS composite film with 12 wt% CsPbBrs NCs. (c) Output voltage and
(d) current from the CsPbBrs@PDMS composite PNG induced by periodic vertical compression. (e) Output switching test of output voltage. The
insets show the magnified voltage or current output signals. (f) The output voltage of the PNG measured at different frequencies from 10 to 50 Hz.

effective area of about 8 cm?, the maximum output peak-to-
peak voltage and current recorded were 50 V and 5.5 pA,
respectively, as shown in Fig. 4c and d (the testing conditions
were 30 Hz and an applied force of 4.2 N). It is worth mention-
ing that all PNGs were polarized under a high voltage field. For
comparison, we also tested the output voltage of the CsPbBr;
NC-based PNG device before high voltage polarization, which
was about 4 V (Fig. S8at). After high voltage polarization, the
output voltage increased by ~12 times, indicating that high
voltage polarization is an essential step for assembling high-
performance PNG devices. However, the current results were
not sufficient to demonstrate that the high performance of the
PNG devices was solely due to the addition of CsPbBr; NCs. To
further validate the contribution of CsPbBr; NCs in the PNG
devices, we measured the performance of a pure PDMS-based
PNG under the same test parameters. The output peak-to-peak
voltage of the PDMS-based PNG was only a negligible ~1.8 V,
much smaller than the 50 V of the CsPbBr; NC-based PNG
(Fig. S8bt). These results show that the addition of CsPbBr;
NCs is the fundamental reason for the significantly improved
output performance of the PNG device. To verify that the
output signal of the device was generated by the piezoelectric
phenomenon, we also conducted a switching polarity test. A
transfer switch was added to the test circuit. When the PNG
device was connected forward, the output signal was positive.
Pressing the switch button instantly reversed the connection,
and the measured output signal was opposite (Fig. 4e).
Obviously, this result demonstrates that the electrical signal is

2134 | Nanoscale, 2025, 17, 2130-2137

reversible, indicating that the output signal is generated by the
compression motion straining the PNG device.>® Furthermore,
during compression and release, a discernible difference in
the peak value of the output signal can be observed, with vari-
ations of 14 V in output voltage and 1.3 pA in output current.
This disparity arises from the differing strain rates experienced
during the compression and release of stress on the PNG.**?¢
As evident in Fig. 4f, as the frequency increases, the output
voltage initially rises and then declines, peaking at 30 Hz,
which aligns with the resonance state of the device system.?”*®
In addition, increasing the applied force can increase the
output voltage of the PNG device (Fig. S9t). These findings
indicate that the assembled PNG device holds potential for
applications in broadband and weak energy harvesting.
Although the CsPbBr; NCs@PDMS composite film is in a
photoluminescent state and has no effect on the output of the
PNG device (Fig. S107), it can be expected that the excellent
optical properties of CsPbBr; NCs make it have great potential
in the field of multi-functional energy harvesting devices.*®™*
To further illustrate the practical utility of the assembled
CsPbBr; NCs@PDMS composite PNG, the device was vertically
struck with a 300 g hammer, and capacitors of varying
capacities were charged using the output electrical signal. As
depicted in the circuit diagram in Fig. 5a, the voltage signal
generated by the assembled PNG device was converted from
alternating current to direct current using a bridge rectifier.
Subsequently, the PNG device was periodically knocked verti-
cally with a hammer at a frequency of approximately 2 times

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Circuit diagram, where V represents a multimeter. (b) The tendency of the voltage at both ends of the capacitor to change with the time
of the compressed PNG device. The straight line is a fitting line. (c) The current density, voltage and (d) power density of the PNG under different
external load resistances from 1 MQ to 1 GQ. (e) The stability test of the PNG. The output voltage of the PNG was recorded at 30 Hz by using an elec-
trodynamic shaker system. (f) The output voltage of the PNG at different temperatures. (g) The output voltage of the PNG in high humidity environ-
ments before and after encapsulation. Inset shows the process of encapsulation. (h) The durability test of the PNG.

per second, and the generated output signal was rectified to
charge capacitors with capacities of 1 pF and 3.3 pF, respectively.
To monitor the capacitor charging process, it was connected to a
multimeter, and the voltage was recorded every two seconds.
Fig. 5b reveals that during periodic compression, the voltage
across the capacitor increased linearly within the first 50
seconds. The energy conversion efficiency of the PNG device is
21.7% (see the ESIY for calculation details). The power density of
the PNG device was analyzed by measuring the electrical para-
meters at both ends of the resistor. The external load range is
from 1 MQ to 1 GQ, the current density drops from 350 nA cm™>
to 37.3 nA cm~ and the voltage rises from 0.3 V to 30 V (Fig. 5c¢).
The power density of the CsPbBr; NCs@PDMS composite PNG
device reaches a maximum value of 2.5 pW cm™> at an external
contact resistance of 100 MQ (Fig. 5d).

This journal is © The Royal Society of Chemistry 2025

For electronic device applications, particularly PNG devices,
it is crucial to exhibit not only excellent output performance
but also long-term stability. To assess the stability of the PNG,
the device was tested under air conditions every two days for a
total of 20 days (June 20 to July 10), during the plum rain
season characterized by high temperature and humidity in
Nanjing. Notably, the output voltage remained at 98.5% of its
initial value after 20 days (Fig. 5e) and remained at 94.5% after
60 days (Fig. S117). These results indicate that the output per-
formance of the CsPbBr; NCs@PDMS composite PNG device
was minimally affected by environmental factors such as
humidity and temperature. However, the range of ambient
temperature and humidity variation is limited. In order to
verify the thermal stability and possible application under a
harsh environment, the performance of the PNG was charac-
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terized by recording the voltage changes at higher tempera-
tures and humidity. The voltage of the PNG at different temp-
eratures from 20 to 140 °C was examined, showing that the
output of the PNG decreases slightly with the change of temp-
erature. The voltage of the PNG retains more than 80.5%
(Fig. 5f) of its original value after being heated at 140 °C for
1 h, proving its applicability over a very large temperature
range. The decline in the output performance may be attribu-
ted to the fact that CsPbBr; is a thermally sensitive material,
and the low melting point of the PET flexible electrode also
makes its contact effect with the composite film worse at
higher temperatures.® The voltage of the PNG in high humidity
environments (the relative humidity is 100%) was monitored,
showing that the output of the PNG decreases as the storage
time increases (Fig. 5g). The thin thickness of PNG devices
allows them to be encapsulated using a laminator.
Encapsulated PNG devices show better stability in high humid-
ity environments (Fig. 5g). Finally, the long-term stability of
the PNG was also investigated to confirm mechanical dura-
bility in periodic pressing and releasing modes with a mechan-
ical force of 4.2 N. Fig. 5h illustrates the measured values for
voltage, with no noticeable decrease in the output perform-
ance after more than 1800 cycles, confirming the good dura-
bility of the fabricated device. It is believed that the PDMS
matrix bears most of the compressive force during com-
pression, thereby minimizing strain on the CsPbBr; NCs.*?
Therefore, the CsPbBr; NCs@PDMS composite PNG device
effectively prevents fracture and cracking of the CsPbBr; NCs
embedded in the PDMS matrix under applied forces.
Furthermore, due to the simple fabrication process, low cost,
remarkable optical characteristics and long-term stability of
composite PNG devices, they exhibit great potential for large-
scale multifunctional piezoelectric energy harvesting
applications.

Conclusions

In summary, we have successfully demonstrated a high-per-
formance piezoelectric PNG based on monoclinic phase
CsPbBr; NCs embedded in a PDMS composite film. This rep-
resents the first report of a monoclinic phase CsPbBr;-based
PNG. We have achieved an optimized running frequency of 30
Hz for this frequency-dependent PNG. When a force of 4.2 N is
applied over an effective area of 8 cm” at a frequency of 30 Hz,
a peak-to-peak output voltage of 50 V, an output current of
5.5 pA and a power density of 2.5 pW ¢cm™> can be obtained.
The alternating output signals generated by the PNG can be
used to charge a capacitor through a bridge rectifier with a
high energy conversion efficiency of 21.7%. The outputs are
comparable to those of previously reported perovskite-PDMS-
based devices (Table S17), which supports the successful fabri-
cation of an efficient PNG in the present study. Furthermore,
the output voltage of the PNG remains at 98.5% of its initial
value after 20 days, indicating excellent stability. This study
highlights the great potential of CsPbBr; perovskite materials
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for the simple and economical fabrication of high-perform-
ance piezoelectric energy harvesting devices.
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