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% Check for updates Organometal halide perovskite (OHP) composites are flexible and easy to

synthesize, making them ideal for ambient mechanical energy harvesting. Yet,
the output current density from the piezoelectric nanogenerators (PENGs)
remains orders of magnitude lower than their ceramic counterparts. In prior
composites, high permittivity nanoparticles enhance the dielectric constant
(e;) but reduce the dielectric strength (Ep). This guides our design: increase the
dielectric constant by the high €, nanoparticle while enhancing the E, by
optimizing the perovskite structure. Therefore, we chemically functionalize
the nanoparticles to suppress their electrically triggered ion migration for an
improved piezoelectric response. The polystyrene functionalizes with
FAPbBr,l enlarges the grains, homogenizes the halide ions, and maintains their
structural integrity inside a polymer. Consequently, the PENG produces a
current density of 2.6 yAcm™N.. The intercalated electrodes boost the current
density to 25 pAcm™N, an order of magnitude enhancement for OHP com-
posites, and higher than ceramic composites.

Piezoelectric nanogenerators use the piezoelectric effect for harnes-  poly(vinylidene fluoride-co-trifluoro ethylene) (PVDF-TrFE),

sing ambient vibrations to trickle charging modern electronic devices
and sensing networks. Due to their unique merits in compact size,
weight, and stability in harsh environments, PENGs are considered one
of the most suitable energy harvesting technologies in recent years to
be used with wearable, flexible, and implantable sensing platforms.
Piezoceramics such as Pb(ZrTi)Os (PZT)', BaTiO; (BTO)**, Pb (Zn;3Nb,/3)
05-PbTiO; (PZN-PT)*, Sm-Pb(Mg;/sNb,,3)05-PbTiO5 (Sm-PMN-PT)’ are the
dominant materials of choice for PENG applications due to their
large piezoelectric charge constants. Yet, their brittle nature and
cost pose challenges in various applications. Consequently,
flexible polymers like poly (vinylidene fluoride) (PVDF)®’,

polydimethylsiloxane (PDMS)°’, etc. are used as host matrices in
conjunction with piezoceramic fillers.

The successful utilization of PENG as an energy source hinges on
attaining both sufficiently high voltage and current outputs. While the
output voltage from PENG exceeds 3V (sufficient for most charging
applications), a significant challenge in addressing the charging needs
of most electronic devices persists in their low output current den-
sities. Diverse strategies have been implemented to boost current
densities, including the exploration of innovative device structures
and the selection of materials with high piezoelectric charge constant
(ds3). For instance, by stacking PZT NW arrays Gu et al. fabricated PENG
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with a current density of 23 pAcm™ in 2013%, in 2014, Park et al.
developed PZT thin film-based PENG with interdigitated electrodes
and reported a current density of 150 pAcm™ ", Materials with high
piezoelectric charge constants yield high output current density in a
PENG while reducing the piezoelectric voltage coefficient (gs3) and the
output voltage according to the relation of (g33 = ds3/€;; €, is the rela-
tive permittivity). However, if the high ds3 ceramic material is dis-
persed in a high gs3 polymer matrix such as PVDF, PVDF-TrFE, it can
yield a high output current density while retaining a standard output
voltage level above 3 V. For instance, Sm-PMN-PT@PVDF piezoceramic
composite has a current density of 15pAcm™ (1.24 yAcm™N™), and a
voltage of 7V. In 2020, Gu et al. marked another record of output
current density to 290 yAcm™ (24 pAcm™N™) by stacking 72-layers of
Sm-PMN-PT@PVDF films, which is still the best-reported piezoceramic
composite’. The critical metric for assessing the PENG performance
lies in the normalized current density, denoted in yAcm™N™. This
parameter considers the applied force necessary for the generation of
the reported current, offering a comprehensive gauge of the device’s
operational efficiency.

Organometal halide perovskites (OHPs) are currently a focal
point of extensive research for their application in PENG
devices”™. This interest is driven by multiple advantages,
including their solution processability, flexibility, and low-
temperature synthesis when compared to traditional piezo-
ceramics. These features enable the fabrication of OHP-based
PENG devices on large-area flexible substrates, making them sui-
table for applications in flexible, wearable, and implantable
electronics. Recent research has demonstrated that the piezo-
electric charge constants (ds3) of OHPs are now comparable to
those of piezoceramics. For example, TMCM-MnCl; (TMCM, tri-
methylchloromethyl ammonium) (ds; ~185pCN™), TMCM-CdCl;
(ds3 -220 pCN™)Y, (TMFM),(TMCM),,,-CdCl3 (TMFM, tri-methyl
fluoromethyl ammonium; 0 <x<1) (ds; -1540 pCN), etc.
Despite the use of high piezoelectric charge constant OHPs, the
challenge of achieving high current density persists. For instance,
the maximum current density for the TMCM-CdCl;@PDMS
composite was reported as 3.45pAcm™ (equivalent to
0.69 pAcm2N7)¥,

Like piezoceramics, a prevalent strategy to improve the
performance of OHP-based PENGs (and others) involves utilizing
a matrix of piezoelectric polymers such as PVDF in combination
with OHP nanomaterial. Poling in such composites induces the
formation of the electroactive [-phase through electrostatic
interaction with the nanomaterial’®. Despite achieving hundreds
of volts in output voltage?, the normalized current density of
such PENGs remains notably low, with the highest reported value
at 0.72 pyAcm™N"' B, This figure is roughly 30 times lower than the
best-performing PENGs utilizing piezoceramics. A challenge in
such composites arises from the trade-off between achieving a
high dielectric constant and their low dielectric strength. While a
high dielectric constant enhances polarization (resulting in a
higher piezoelectric charge constant), the lower dielectric
strength limits the poling of these composites at sufficiently high
electric fields for extended durations?. Consequently, the uni-
directional alignment of piezoelectric domains cannot be
achieved, compromising optimal performance. In the case of
OHPs, the breakdown is induced by ion migration effects under
the applied poling electric field, leading to perovskite structure
degradation. Grain boundaries play a critical role as preferred
pathways for ion migration. Due to the higher electrical con-
ductivity of OHPs, they act as current pathways, and alterations to
their structure, such as the formation of Pbl, or local p-n junc-
tions, reduce conductivity and, consequently, current density in
the PENGs.

In this study, we present a FAPbBr,I-PVDF-based PENG where
polystyrene (PS) is employed to control the structure and composi-
tional variation of FAPbBr,l. This ternary piezocomposite in a PENG
generates a high output current density of 11 pAcm™ (2.6 pAcmN™).
The piezocomposites were further used as a building block to verti-
cally assemble them. The multiple layers of piezocomposite films
separated through intercalated copper electrodes enhance the output
current density. The cascade-type piezoelectric nanogenerator
(CPENG) architecture (14 layers) exhibits an impressive output current
density of approximately 105 pAcm™ (peak to peak) at 30 Hzand 4.2 N,
with a corresponding normalized current density of 25 pAcm™N™. This
performance surpasses OHP-based PENGs by an order of magnitude
and outperforms the best ceramic-based composites, as reported with
anormalized current density of 24.17 yAcm™N™" in a 72-layer PENG. The
basis of this improvement is due to (1) The use of PS leads to improved
grain size which reduces the density of grain boundaries, as a result,
ion migration is reduced by an order of magnitude compared to plain
FAPDbBr,I-PVDF. (2) With the use of PS, a uniform distribution of halide
ions (Br and I") is achieved in the composite, this leads to a homo-
genous band structure and prevents the formation of local energy
barriers (due to variation in band structure from changes in halide
composition) which could impede current collection. (3) The dielectric
constant of the PS-FAPbBr,I-PVDF composite is improved by over five
times compared to plain FAPbBr,I-PVDF, which will increase the pie-
zoelectric charge constant. (4) X-ray diffraction results reveal
increased lattice spacing with the use of PS, indicating strain relaxation
in the OHP structure. This further reduces ion migration, improves
carrier mobility, and lowers defect concentration, contributing to the
stabilization of the PENG devices and enhancing charge collection®.
These effects collectively contribute to a higher breakdown strength in
PS-FAPbBr,I-PVDF-based PENGs, sustaining up to 30 min of poling
at a field strength of -50 Vum™ compared to plain FAPbBr,I-PVDF
devices that typically breakdown in less than 1min under
similar conditions. Thus, our work demonstrates the successful miti-
gation of challenges associated with OHP-based piezoelectric nano-
generators through a synergistic approach involving optimized
material design and effective device engineering by cascading multiple
layers. This integrated strategy achieves a record-normalized current
density.

Results and discussion

Design and characterization of polymer functionalized per-
ovskite composites

Polystyrene was used to functionalize the OHP (FAPbBr,l) because of
its specific interactions with, the A site cation (FA") and the lead halide
species. Additionally, its high dielectric strength, along with low
dielectric losses*, makes it particularly advantageous for PENG appli-
cations. Previous studies have demonstrated that integrating PS into
the perovskite matrix results in the modulation of both nucleation and
the growth rate of perovskite crystal grains, accompanied by a
reduction in defect density”. The functionalization is grounded in the
typical cation-m interaction between the FA* cation of the FAPbBr,l and
Tt -electrons of aromatic styrene in PS, as illustrated in Fig. 1a. The
specific molecular-level interaction between perovskite precursor and
PS was characterized by Raman spectroscopy (Fig. S1). The pristine
FAPbBr,I-PVDF and PS-FAPbBr,I-PVDF films exhibit sharp character-
istic peaks of Pb-X (X =1, Br) lattice mode centered at 80 cm™ and a
broad peak (160-250 cm™) corresponding to the organic moiety®. As
observed in Fig. 1b, adding 1wt/vol% PS in the FAPbBr;l, the peak
corresponding to the Pb-X (X =1, Br) lattice mode shifts to a lower
wavenumber. Such variation in the Raman active modes of the per-
ovskite signifies an enhanced molecular-level interaction between PS
and perovskite precursors. A similar interaction between PS and the
organometal halide perovskite precursors has been previously
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Fig. 1| Surface functionalization of organometal halide perovskite. a Cation-m
interaction mechanism between FAPbBr,l and the PS. b Raman spectroscopy and
¢ XRD patterns of the pristine FAPbBr,I-PVDF and 1% PS-FAPbBr,I-PVDF films.

d ToF-SIMS depth profiling of pristine and e 1% PS-FAPbBr,I-PVDF films. f FE-SEM

Sputter time (s) Sputter time (s)

180.6 nm

Height Sensor 2.0 um

images of the grains of plain FAPbBr,l and g 1% PS-functionalized FAPbBr,lI thin film
(insets show the grain size distribution curves). h AFM surface topography image of
the 1% PS-FAPbBr,l film. Source data are provided as a Source Data file.

confirmed by gel permeation chromatography and the growth of sin-
gle crystal perovskite”. The X-ray diffraction pattern in Fig. 1c shows
the presence of the dominant peaks corresponding to (0 0 1) (0 0 2)
and (2 1 0) lattice planes and highlights the formation of the mixed
halide perovskite phase in both pristine FAPbBr,I-PVDF and PS-
FAPbBr,I-PVDF films®%. A stronger anisotropic orientation along the
(0 01) plane is evident in pristine FAPbBr,l compared to PS-FAPbBr,l.
From the view of thermodynamics, orientation diversity offers
increased entropy and a more stable perovskite phase®. The narrow-
ing of the peak (reduction in the full width and half maximum value)
and increase in the peak intensity in the PS-FAPbBr,I-PVDF XRD pattern
indicates improved crystallinity and an increase in the crystallite size
(Tables S1, S2)*'. An additional shoulder peak of residual PbX, (X =1, Br)
is observed at 20 of 12.4 ° exclusively in the pristine FAPbBr,l. The
absence of the PbX; (X =1, Br) peak in the PS-perovskite composite film
can be ascribed to the ability of PS chains to interact with Pbl, and
PbBr,, which are weak Lewis acids and formed intermittently during
solvation of perovskite precursors. This leads to enhanced perovskite
phase conversion from the combined interaction between PS, FA, and
PbX,. Additionally, there is a consistent shift in the XRD peaks toward

lower 20 values in PS-FAPbBr,I-PVDF films compared to FAPbBr,I-PVDF
films. This shift indicates a lattice expansion in the PS-FAPbBr,I-PVDF
films, signifying relaxation in the perovskite lattice®’. The lattice con-
stants calculated from the peak positions in the XRD pattern further
illustrate this expansion (Tables S3, S4 and Note S1).

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
depth profiling (Fig. 1d, e) was conducted to see the variation in the
distribution of the halide ions between PS-FAPbBr,I-PVDF and
FAPDbBr,I -PVDF films. We observe that a uniform concentration of I”
and Br~ is present across the PS-FAPbBr,I-PVDF composite film. In
comparison, for the FAPbBr,I-PVDF film, the I” distribution is lower
and non-uniform (especially during the initial 0-200 s of sputter-
ing) relative to the Br™ profile, hence showing phase segregation in
the top layer. Phase segregation of the halide ions can lead to det-
rimental effects on the device’s performance due to structural
changes®. In the perovskite solution system, the atoms, ions, and
solvent molecules can coordinate with each other, forming inter-
mediate adducts or complexes. Since the trend of Lewis acidity in
lead (II) halide follows the order of Pbl,>PbBr,, the stronger
interaction of Pbl, with PS allows more iodide-rich perovskite phase
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formation, which leads to its uniform distribution across the film**.
This observation, combined with the shift of the peak position in the
X-ray diffraction patterns for PS-FAPbBr,I-PVDF, confirms that the
perovskite lattice is larger due to the uniform inclusion of the higher
jonic radii of the 6-coordinated I" (7 =2.06 A) along with Br
(rgr =1.82 A). The larger lattice will also have a smaller strain which
has been shown to improve the stability of the perovskite phase,
along with decreased defect density and increased -carrier
mobility*?¢. The depth profiling data also reveals that the signal
intensity of the I” ion is maintained at the same level as that of the F~
ion (representative of PVDF) across the entire depth of the sput-
tering time (Fig. 1d) in the PS-FAPbBr,I-PVDF film. This shows that
the composite is homogenous, and the interaction between PVDF
and the perovskite phase will be uniform across the film.

The direct interaction of PS chains with the perovskite precursors
leads to relatively larger grain size in the PS-FAPbBr,l films in com-
parison to that of pristine FAPbBr,l as evident in the lateral field
emission scanning electron microscopy images (Fig. 1f, g). Due to the
decreased nucleation rate, average grain sizes increase from 400 to
600 nm (in FAPbBr,l) to 600-900 nm in the PS-FAPbBr,l film. The
distribution curve in Fig. 1f, g represents the probability density
function at each of the values in x using the normal distribution
with mean u and standard deviation o. The corresponding equation is
given by:

1 —e-p?

o2

fxip,0)=

The AFM surface topology (Fig. 1h) also confirms the large grain
formation on the PS-functionalized film. Therefore, based on these
combined effects we expect greater stability of the perovskite phase in
the PS-FAPbBr,I-PVDF films, along with lower ion migration effects.

Dielectric and piezoelectric properties of the piezocomposite

An electric field was applied across the composite film to align the
dipoles unidirectionally to generate a macroscopic dipole moment.
The electric field applied for a sufficiently longer time causes 60/180°
rotation of the molecular chains and a conversion of the a to the f3-
phase even without the mechanical stretching of the chains®. The
most widely used PVDF polymer requires a high electric field of at least
50 Vum™ to completely harness its piezoelectric capabilities®. Such a
requirement imposes serious restrictions in manipulating OHP com-
posites, as a high electric field proliferates dynamic point defects and
causes faster breakdown due to ion migration, as illustrated in Fig. 2a.
In an OHP perovskite structure, FA*, Br/I', and Pb? are all considered
mobile ions, and this results in high ionic conductivity, and a large
leakage current in the perovskite-based devices®***°. We find that,
with an external bias in the dark, an electronic current is instantly
observed owing to the fast movement of the electronic charge carriers.
At the same time, the mobile ions with low activation energy also
slowly drift toward metal electrodes. As the oppositely charged ions
begin accumulating at the metal electrodes, the ion-induced electric
field partially cancels the external bias and reduces the overall current.
This transient decay in current is observed until the ion accumulation
reaches an equilibrium condition (Fig. 2b). The pristine FAPbBr,lI film
owing to the higher density of mobile ionic defects and halide ion
segregation exhibits a large decay in the current®. As seen in Fig. 2b,
the dark current in the pristine FAPbBr,l film decays rapidly from its
initial value of 3.10 x 107 and reaches 1.86 x 10° mA/cm? (-40% decay)
within 35 s. In contrast, the PS-FAPbBrl films exhibit a much lower dark
current (-5.0 x 1077 mA/cm?) which decays by a smaller magnitude to
~4.20 x 107 mA/cm? The smaller magnitude of decay in the dark cur-
rent implies that the PS reduces the ion migration effect by more than
an order of magnitude, based on the structural results discussed
above. Furthermore, the electric field strength-dependent leakage

current density*? of pure FAPbBr,I-PVDF-based devices is observed to
be 5.44 x10™* mA/cm? at 0.1kV/cm and 1.49 x 102 mA/cm? at 3kV/cm
(Fig. S2). In contrast, the leakage currents in the 1wt% PS-
FAPbBr,I-PVDF composite films are reduced to 1.67x10° and
1.35x10° mA/cn?, respectively, at the same electric fields. The
multiple-fold reduction in the leakage current in the presence of PS
further corroborates its beneficial role in providing insulation against
the leakage paths in the composite film while simultaneously allowing
improved grain growth and homogenized distribution of FAPbBrl
nanoparticles across the PVDF matrix.

The structural integrity of the OHP perovskite in the composite is
crucial to preventing undesirable breakdown during poling. We com-
pared the average dielectric strength of 12 different locations on each
of the composite devices (Experimental data in Table S5). The 1% PS
devices had an average breakdown strength of 191 Vum™, 130% times
that of the films without PS (Fig. S3). Based on the average poling
electric field of composites being between 40 and 120 Vum™, we
applied a dc bias of 3kV to the pristine (without any PS) and 1% PS-
containing composites (thickness of ~ 65 and ~58 um, respectively in
Fig. S4) and noted the breakdown time (Fig. 3a)*®. With the electric field
of ~46 Vum™, all the pristine films reached their breakdown point in less
than 5 min, while 50% of them could withstand only 1 min of poling. In
contrast, the PS-containing composites could survive up to 30 min of
poling with an electric field of ~51 Vum™, where the lowest-performing
devices have a breakdown point higher than all the pristine composite
samples.

A striking difference was observed in the relative dielectric per-
mittivity (e;) of the plain, and PS-functionalized composite films. In
contrast to the €, of 7.5 in pristine FAPbBTr,l, the 1% PS-functionalized
films exhibit a €, value of 38 (Fig. 3b), representing an increase of more
than five times. The more homogeneous distribution of perovskite
species and improved crystallinity with larger grain size are anticipated
to increase the dielectric constant of 1% PS composites (Note S2)*.
Since grain boundaries typically have smaller dielectric permittivity
than the grains in perovskite materials***. The observed peak shift to
smaller angles in the XRD data suggests a relaxation in the perovskite
lattice. This relaxation is also expected to enhance dipole alignment
and polarizability*.

We varied the PS concentration and observed its influence on the
output current generation in the PENG devices. The output current
density from the PENG devices improved, especially for the 1% PS-
containing FAPbBTr,l film, which has the highest current density of
11 pA/cm? This is 2.4 times higher than the pristine perovskite PENGs,
and 7.3 times higher than pristine PVDF-based devices (Fig. 3¢). This is
attributed to the structural effects which include larger grain size,
defect passivation of perovskites, and enhanced dielectric constant
with a more homogenous composition of the composite*’*®. The
interaction between PS-FAPbBr,;l and PVDF was studied from the
absorbance spectra of pure PS, pure PVDF, PVDF-PS, and PVDF-PS-
FAPDBrI films (Fig. S5). In the FTIR spectra (Fig. S5a), the characteristic
peaks of PS appear at 696 cm™ (aromatic ring bending), 1492 cm™
(aromatic ring mode), 2850 and 2923 cm™ (CH, symmetric and
asymmetric stretching), and 3025, 3059, and 3081 cm™ (aromatic C-H
stretching). Similarly, distinctive peaks of PVDF centered at 487 cm™
(CF, bending and wagging), 613 cm™ (CF, bending and CCC skeletal
vibration), 763cm™ (CH, and CF, in-plane rocking or bending),
875 cm™ (CC symmetric stretching and skeletal bending) and 1184 cm™
(CF, stretching) are observed***°.

In the PVDF-PS film, the characteristics peaks for PVDF show no
change which indicates little interaction between PS and PVDF. The
intensity of PS-related peaks is reduced due to its minimal con-
centration (1wt%). In the PS-FAPbBr,I-PVDF film, while the peaks
observed in the PVDF-PS film are retained, a new peak corresponding
to the CN stretching in the formamidinium group of perovskite
appears at 1715 cm™. Furthermore, the IR peak corresponding to CC
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Source data are provided as a Source Data file.

stretching in PVDF shifts from 875cm™ to a higher wavenumber of
880 cm™ indicating interaction with the perovskite (Fig. S5b). The
critical feature is that with PS-OHP in the PVDF matrix, the [3-phase
content in PVDF increases from 36 to 71.5%. This is based on the
diminishing of the a-phase PVDF peaks at 614, 763, and 974 cm™ in
the PS-PVDF-Perovskite film. An enhancement in the relative intensity
of the IR peaks at 840 and 1276 cm™ is observed which correspond
exclusively to the B-phase of PVDF". Nevertheless, at higher PS
concentrations, effective perovskite content reduces in the film, and
this decreases the overall film quality and the effective beta-phase
amount in the PVDF. So, a decreasing trend in output current density

with larger PS loading is observed (Fig. S6). The output voltage from
the 0% PS film is slightly lower than the 1% PS film, while PS loading
beyond 1% further decreases the output voltage (Fig. S7). To assess its
flexibility®’, Young’s modulus (YM) of the composites with different
PS additions was also measured from the tensile stress-strain curves
(Fig. S8). The Young’s modulus was calculated for the 0% PS film as
1.35 GPa, while for the 1 and 10% PS-added films it was reduced to 1.3
and 1.16 GPa. Thus, obtaining a delicate balance with the amount of
PS in the composite is critical. We measured the microscopic piezo-
electric response with the applied electric bias (+5V, +10V) in a
piezoelectric force microscopy (PFM) (Fig. 3d-f). The 1% PS
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lDownward polarization
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Fig. 4 | Design of the cascade-type piezoelectric nanogenerator (CPENG). a The
basic structure of the CPENG. The blue spheres represent the repeating composite
films, while the polyhedral shapes depict the perovskite structure embedded in the
PVDF. Each of the composites is connected in parallel electrical connection. Two

consecutive films have opposite polarization directions and are intercalated with a

Cu Kal iii

F Kal_2

500pm

copper electrode. Intercalated electrodes adjacent to the same polarization
direction are connected. b Photograph of a 21-layer CPENG (inset shows a bent
ping clearly showing the intercalated copper electrodes (red) and composite
films (green).

composite film poled with +5V dc bias for -10 min exhibits an
amplitude response of ~1.5V, which is ~10 times more than the non-
poled film (0 V). As we increased the dc bias to +10V for 10 min,
amplitude response further increased to -1.8 V. It is evident that with
the rise in electrical poling voltage and poling time, more and more
dipoles are unidirectionally aligned and resulting in a higher piezo-
electric response in the composite film. This experiment further
depicts the importance of electrical poling of the composite film for
obtaining an enhanced piezoelectric response.

Design of the CPENG

The enhanced current density and stability observed in the 1% PS
composites served as motivation to adopt it as a foundational element
for the assembly of the multilayer cascade-type piezoelectric nano-
generator (CPENG). In a PENG, the piezoelectric polarization charges
are utilized to produce output current to the external circuit. When
subjected to mechanical stress, opposite polarization charges emerge
at the interfaces of the top and bottom electrodes. The prospect of
creating numerous interfaces through two-dimensional electrodes
within a piezoelectric film holds the potential for an enhancement in
output current density*’. To achieve this cascade device, we employed
intercalated copper electrodes positioned between two oppositely
poled composite films (Fig. 4a). The electrodes were interconnected in
a parallel electrical configuration, where positive polarization surfaces
were linked to create a common positive (+ve) terminal, and the
negative surfaces of the films formed a shared negative (—ve) terminal.
When subjected to force, the current generated in each unit accumu-
lated through the interfacial electrodes, resulting in a larger combined
current output. A solvent-free urethane-based prepolymer was
employed as an adhesive owing to its outstanding initial adhesion,
workability, and bonding capacity*. Briefly, the adhesive was blend-
coated on a thin copper electrode and tightly pressed with the com-
posite film for 48-72 h in ambient conditions. Subsequently, another
composite with opposite polarity was coated with adhesive and

securely bonded to the copper electrode, forming a single-electrode
intercalated two-layer PENG device (further details can be found in the
Experimental section). This process was repeated to fabricate CPENGs
with 1, 4, 8, 14, and 21 layers. Figure 4b presents a photograph of a
CPENG with 21 layers, accompanied by cross-sectional scanning elec-
tron microscopy images and cross-section images obtained through
energy-dispersive X-ray spectroscopy (EDS) analysis. The elemental
mapping images corresponding to copper (Fig. 4b-ii) and fluorine
(Fig. 4b-iii) illustrate the copper electrodes and PVDF composite films,
respectively. Other representative elements of the perovskite (Pb, Br, I,
and N) from the EDS analysis are also shown in Fig. S9. This represents
the homogeneous distribution of perovskite nanoparticles within the
piezocomposite and well-intercalated copper electrodes between the
composite films.

We conducted a mechanistic investigation using finite element
analysis to understand how the assembly of multiple layers could
optimize the output performance (Fig. S10). We simulated the piezo
potential of various models with 1, 4, 8, 14, and 21 layers of films,
maintaining opposite polarization directions for two consecutive
films. With an increase in the number of layers, the piezo potential
decreases from 30V (single layer) to 3V for a 21-layer PENG. When a
force is applied to the PENG, the dipole moments become smaller
along the thickness direction, leading to the cancellation of the piezo
potential due to the opposite polarization direction of two consecutive
films®. However, the change in polarization across each layer trans-
lates to output current, which is then multiplied through intercalated
electrodes.

Output performance and application of the CPENG

To assess the practical mechanical energy harvesting capabilities of the
devices, we applied a force of 4.2 N (0.42 kg) using a steel block and
systematically examined their respective performance. The single-
layer PENG produced a maximum output voltage of approximately
29 V. This voltage gradually decreased to 17, 7, 3.5, and 2.6 V for the 4,
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8, 14, and 21-layer devices, respectively (Fig. 5a). This behavior can
be elucidated through the simple capacitor model, wherein the parallel
connection of capacitors leads to an increase in overall capacitance,
subsequently causing a decrease in voltage (V=Q/C; V voltage, Q
charge, and C capacitance)®.

The output current density of the devices was measured under
short-circuit conditions, as illustrated in Fig. 5b. As the number of
layers increased to 1, 4, 8, 14, and 21, the output current density rose
from 11 to 29 uA/cm?, 64, 105, and then decreased to 55pA/cm?,
respectively. Figure 5¢ demonstrates that while the output voltage
decreases nonlinearly, the output current density increases almost
linearly with the number of layers. Moreover, the finite element
simulation model reveals that the calculated total charge density in
short-circuit conditions (which corresponds to current density) fol-
lows a similar increasing trend with the number of layers in a PENG, as
depicted in Fig. 5d. The simulation results in Fig. 5d align with our
experimental findings, except for the current density for the 21-layer
CPENG. This is due to the strong stress-buffering effect as the number
of layers increases’. The use of a higher number of copper/adhesive
electrodes will reduce the transmitted stress to each composite, which
was not included in the simulation model’’*5,

The CPENG demonstrated resilience during testing for ~1000
mechanical cycles without deterioration in its performance, as shown
in Fig. S11. To validate its practical energy harvesting capabilities, we
connected the CPENG through a full bridge rectifier to different

capacitors (Fig. 6a). The CPENG was used to charge different capaci-
tors of 4.7,10, 22, and 47 uF (Fig. 6b). At 30 Hz and 4.2, N it can charge a
4.7 uF capacitorto-1Vin16s,10 uFto1Vin38s,22uFto 0.95Vin50s,
and 47 uF to 0.6 V in 1 min.

Gently triggering it with a finger generated and stored electricity,
with 24 touches charging a 1uF capacitor to 0.8 V, showcasing a high
charging rate for a PENG at low frequency (Fig. S12). Additionally, the
CPENG (four layers) powered a System on Chip (SoC) at 30 Hz (Fig. 6¢),
enabling it to activate a radio frequency (RF) transmitter module
embedded in the SoC every 2 min.

It's worth emphasizing that the defect-passivated composite films
developed in this work can be scaled up for more practical applica-
tions. We normalized the output current density of the 14-layer CPENG
with the applied force of 4.2 N and compared it with state-of-the-art
PENGs (Fig. 6d). The output current density per unit force in the
CPENG is notably higher, surpassing the reported OHP-based PENGs
by an order of magnitude. Among ceramic-based composites, the 72-
layer PENG holds the highest reported normalized current density of
24.17 yAcm™N™, In contrast, the 14-layer CPENG in this study, with PS-
FAPbBr,l composites, generates 25uAcm >N~ This finding under-
scores that the normalized current density of the PS-functionalized
perovskite composite system in this work is the best-reported among
PENG devices (Table S6). We anticipate that this discovery further
underscores the economic and technological advantages of using
organometal halide perovskites over ceramic piezoelectrics in PENG
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applications and will pave the way for new developments to enhance
the performance of PENG-based devices.

In summary, the innovative approach of functionalizing organo-
metal halide perovskite with polystyrene has been successfully
employed to enhance the output current density of the piezoelectric
nanogenerator. The optimization of polystyrene concentration in
FAPbBr,I precursors has been instrumental in reducing defects,
increasing grain size, and achieving a more homogeneous distribution
of halide ions, resulting in a smaller lattice strain. Consequently, the PS-
functionalized organometal halide perovskite (PS-OHP) exhibits
greater structural integrity, reducing ion migration under an electric
field and overcoming the “dielectric constant vs. dielectric strength”
limit. The optimized concentration of 1% PS significantly suppresses
leakage current by one order of magnitude, demonstrating effective
control over ion migration. Additionally, the controlled nucleation of
perovskites through PS incorporation leads to a twofold increase in
grain sizes compared to pristine perovskites. This innovative ternary
composite design and cascading them help to elevate the output
current density of the extensively studied perovskite PENG by one
order of magnitude thus setting a record. The high-performance PENG
with ultrahigh current density achieved in this study represents a stride
towards establishing a sustainable power source for portable and
flexible electronics.

Methods

Synthesis of the pristine and PS-FAPbBTr,l precursor solution
The FAPbBr,l precursor solution was prepared by dissolving an
equimolar ratio (0.5: 0.5) of FAI (formamidinium iodide >99%, Sigma-

Aldrich) and PbBr; (lead(ii)bromide >98%, Sigma-Aldrich) in an N, N-
DMF (N, N-dimethylformamide >99%, Sigma-Aldrich) solvent, followed
by stirring at 60 °C for 12 h. To prepare PS-FAPbBr,l precursor solu-
tions of varying concentration (1, 5, 10, and 20 wt./vol%), a corre-
sponding amount of PS (average Mw 35 kDa, Sigma-Aldrich) was added
to the perovskite precursor solution and stirred for 30 min.

Synthesis of the PS-FAPbBr,I-PVDF composites

The PVDF solution was dissolved in N, N DMF with constant stirring at
50 °C for 24 h. The final concentration of the PVDF in DMF was kept at
10 wt%. Then, the PS-FAPbBr,I-PVDF composite precursor solutions
were prepared by homogeneously mixing 1 wt/vol% PS-FAPbBr,l and
10 wt% PVDF. To optimize the concentration, the 1, 10, and 20 wt/vol%
composite solutions were synthesized. Then the mixed solution was
drop-cast onto a glass substrate and stored for -1 h for the degassing
process, immediately followed by annealing at 120 °C. Highly crystal-
line composite films were obtained after 2 hours. Distributed nano-
particles with an average diameter of 15-20 nm inside the PVDF matrix
were estimated by the high-resolution TEM image in Fig. S13a. Selected
area electron diffraction (SAED) of the nanoparticles observed in the
TEM were also shown in Fig. S13b, c. To align the dipoles in the PS-
FAPDbBTr,I-PVDF film, high-voltage electrical poling was completed with
an electric field of 50-120 Vum™ for 2-3 h. After poling, the films were
sandwiched between two copper electrodes. To prepare the electro-
des, commercially available copper foil sheets with a thickness and
resistance of 2.5um, and 0.05Q/cm? were used. The copper sheets
were cleaned with acetone, isopropanol, and deionized water to
remove any adhesives on them. Then the prepared copper sheets were
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dried with nitrogen and cut into small sizes (1cm x 0.45 cm) for use in
the PENGs. Finally, the sandwiched structure of the polyester/copper/
PS-FAPbBr,I-PVDF/copper/polyester film was pressed through thermal
lamination, which eliminates air gaps and provides uniform adhesion
between the copper electrodes and the piezoelectric film. Before
poling, output current density was measured as 0.51pAcm™, com-
pared to 11 uA cm™ after the poling (Fig. S14). When we switched the
terminals of the poled PENG, the measured output current density
signal also switched, indicating the signal originating from the inherent
piezoelectricity of the composite film (Fig. S15).

Multilayer assembly of the PS-FAPbBr,I-PVDF composites

Each of the poled composite films was cut into 1.3cmx 0.6 cm
dimensions. Solvent-free urethane-based prepolymer was used as an
adhesive between the electrode and the composite film. First, a few
drops of the urethane prepolymer were poured on the copper elec-
trode and spread with a glass rod to achieve uniformity. Second, the
composite film was pressed tightly on the copper for adhesion. Third,
another copper electrode was attached to the top of the composite
film by using step one. Fourth, a few drops of urethane prepolymer
were poured on another composite film and spread uniformly with a
glass rod. Fifth, the composite film was pressed tightly on the copper
electrode of step 3. Sixth, step 1 was repeated to grow the top copper
electrode. In this way, two units of the composite films were cascaded.
Then, steps 4, 5, and 6 were repeated to assemble 14 different layers.
The polarity (polarization direction) of the composite films was
determined by the electrical poling direction. Between two con-
secutive films, opposite polarity was maintained. Electrodes at the
positive interfaces were shorted to make a single positive terminal, and
similarly, electrodes of the negative interfaces were shorted to make a
single negative terminal for the electrical measurements. The fabri-
cated device can be bent by using a metallic tweezer (Fig. S16). How-
ever, the stiffness will gradually increase with the number of layers. All
the devices are characterized in compression mode. Finally, the device
was packaged in between thermal laminating pouches.

Structural, microscopic, and spectroscopic characterization
The X-ray diffraction characterization was carried out on the PANaly-
tical Empyrean diffractometer with Cu Ka radiation (A = 1.54 A). A Zeiss
Ultraplus field emission scanning electron microscopy (FE-SEM) was
utilized for visualizing the surface topology and grain size distribution
of the pristine and polymer-integrated perovskite films. The Raman
spectroscopy for all films was performed using a Horiba
HR800 spectrometer at an excitation wavelength of 532 nm and 6 mW
power in the backscattering configuration. The time-of-flight second
ion mass spectroscopy (ToF-SIMS) was performed to analyze depth
profiling of freshly prepared perovskite and polymer-perovskite films
using Cs' ion source (500 eV) for sputtering and Bi** (30 keV) for
analysis over ToF-SIMS 5, ION-ToF GmbH. Transmission electron
microscopy (TEM) was recorded by using a Hitachi HT7700 trans-
mission electron microscope with an acceleration voltage of about
100 kV. FTIR absorbance spectra were collected by using Nicolet iS50
(Thermo Fisher Scientific).

Dielectric measurements

The dielectric constant was measured by using a Keithley-4200 semi-
conductor parameter analyzer. An ac bias voltage of 100 mV was
applied, while the frequency was swept from 0 to 1 MHz. We measured
the capacitances by using parallel plate capacitor model approxima-
tion to calculate the dielectric constant. Dielectric strength was mea-
sured by applying voltage from a high-voltage DC source on the top
copper electrodes of the composite films. We increased the applied
voltage with a step size of 500 V. All the experiments were conducted
in the ambiance.

Electrical and mechanical measurements

The dark current measurement on the planar vertical device config-
uration was conducted using a probing station in a two-probe mode.
A Keysight 6614C 50-watt system power supply was used for applying
an external bias and the current was measured using a Keysight
3458A Digital multimeter. The perovskite film was connected in
series with the multimeter and power supply to complete the circuit.
Piezoelectric force microscopy was conducted by a Bruker AFM
(Dimension Icon) in a vertical PFM mode. The probe used for the PFM
was a n-doped (antimony) silicon coated with reflecting platinum
(Pt)/ iridium (Ir) on the back and had a nominal stiffness of 3 N/m.
Data analysis, including 3D representations of the PFM images was
performed by using NanoScope Analysis 1.8. To study the electrical
output performance of the PENGs an electrodynamic shaker (Lab
Works Inc.) was used, controlled by a power amplifier and a con-
troller. A digital oscilloscope (Tektronix 2004 C) and a low-noise
current preamplifier (SR 570, Stanford Research Systems Inc.) were
used to measure the electrical signal output from the nanogenera-
tors. A 10X signal cable was used to collect the voltage signals from
the PENGs. Young’s modulus (YM) of the composite films was mea-
sured from the tensile stress-strain curves obtained by an Instron
5548 micro tester.

Data availability

The data supporting this study, and its Supplementary Information are
available within the paper. Additional information is available from the
corresponding authors, D.B. and V.M., upon request. Source data are
provided with this paper (ref. 59). Source data are provided with
this paper.
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