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Abstract
Recent advances in energy harvesting have enabled efficient conversion of 

mechanical and light energy into electricity, with piezoelectric and photo-as-
sisted hybrid strategies emerging as key drivers for flexible, high-performance, 
and eco-friendly self-powered systems. In this study, we demonstrate a straight-
forward strategy to stabilize α-formamidinium lead iodide (α-FAPbI₃) by em-
bedding it within a polyvinylidene fluoride (PVDF) matrix, yielding a stable 
composite film as confirmed by X-ray diffraction (XRD) analysis. Composite 
films of α-FAPbI₃ and PVDF were prepared in varying ratios and systematically 
optimized by evaluating their ferroelectric behavior, including saturation polar-
ization, remnant polarization, and energy storage density. Among these, 210 µL 
of α-FAPbI₃ in 1 g PVDF (FPF-3 composition) exhibited the most optimized 
performance. The photoactivity of the stabilized α-phase FAPbI₃, coupled with 
the intrinsic piezoelectric properties of PVDF, offers a synergistic platform for 
advanced photo-assisted energy harvesting applications. The photo-assisted ener-
gy harvesting device fabricated from the optimized composite exhibited distinct 
output variations under dark conditions, white light, and ultraviolet (UV) light 
exposure (360 nm and 390 nm), highlighting its potential for photo-assisted en-
ergy harvesting. Notably, a ~62.02% enhancement in output voltage was achieved 
under white light illumination. The optimized light-assisted device exhibited re-
markable output enhancement, highlighting its potential as a promising candi-
date for next-generation self-powered energy systems.
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Introduction
Perovskite-PVDF composites have gained attention for their enhanced 

piezoelectric response and energy harvesting potential. FAPbI₃ absorbers possess 
narrower bandgaps and superior thermal stability among perovskites, enabling 
higher solar energy conversion efficiency and longer device lifetimes. However, 
despite these advantages, they suffer from phase instability during fabrication and 
operation [1]. The photoactive black α-phase of FAPbI₃ perovskite is metastable 
and typically forms at elevated temperatures above 150 °C. The cubic phase 
exhibits a higher formation enthalpy (ΔHf) than the hexagonal phase (δ), giving 
it a higher Gibbs free energy at 0 K. With increasing temperature, entropy from 
FA cation rotation lowers the Gibbs free energy of the cubic phase below that 
of the hexagonal phase. Upon cooling, the system reverts to the energetically 
favored hexagonal phase [2]. Recent studies verify that PVDF incorporation can 
enhance perovskite crystallinity, enlarge grain size, and improve optical absorption 
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final product was dried overnight in a vacuum oven. For the 
preparation of FAPbI₃ solution, FAI and lead(II) iodide were 
mixed in a 1:1 molar ratio in dimethylformamide (DMF) to 
obtain a 1 M solution. 

PVDF/FAPbI3 composite preparation

The PVDF/FAPbI3 composites were synthesized via spin 
coating and solvent evaporation, using PVDF dissolved in 
DMF followed by stirring at 50 °C to form a uniform solution 
before adding the perovskite. Different FAPbI3-loaded PVDF 
composites (FPF-1: 70 µl/g, FPF-2: 140 µl/g, FPF-3: 210 
µl/g, and FPF-4: 280 µl/g of PVDF) The resulting films were 
spin-coated at 1000 revolutions per minute (rpm) for 20 s and 
annealed at 150 °C to obtain the final composites.

Light assisted energy harvesting device fabrication

The light-assisted piezoelectric nanogenerator was 
fabricated using a PET-based ITO substrate (2.5 × 3 cm). 
The substrate was centrally etched with zinc dust and 48% 
hydrochloride acid to form two electrodes, followed by 
sequential cleaning with soap solution, deionized water, 
acetone, and ethanol under sonication for 10 min. A 15 min 
UV-ozone treatment was then performed before depositing 
the PVDF/FAPbI₃ composite. The composite solution was 
spin-coated onto the substrate at 1000 rpm for 20 s and 
subsequently annealed at 150 °C to obtain the final device. 

Characterizations
Wide angle XRD (WAXRD) analysis

WAXD measurements were performed on the films 
using a PANalytical X’Pert Pro diffractometer with Cu-Kα 
radiation (λ = 1.54 Å, 45 kV, 30 mA). Data were collected over 
a 2θ range of 10 - 60° with a step size of 0.02° and a dwell time 
of 30 s per step. The nanocomposite films analyzed had an area 
of 1 cm² and an approximate thickness of 1.5 mm.

Ferroelectric property analysis
Ferroelectric polarization-electric field (P-E) loop 

measurements were carried out on pure PVDF and FPF 
composite films using a triangular waveform at 50 Hz and 
1 Hz under varying voltages at room temperature with a TF 
analyzer 2000 (aixACCT, Germany).

Results and Discussion
Figure 1a shows the XRD patterns of α-FAPbI3 along 

with the corresponding crystal lattice structures. The α-phase 
is characterized by a cubic lattice. The XRD pattern of the 
α-phase displays distinct peaks at 13.9°, 19.8°, 24.3°, 28.1°, 
31.4°, 34.6°, 40.1°, and 42.7° [5]. Figure 1b illustrates the XRD 
patterns of PVDF composite films embedded with α-FAPbI3. 
The analysis confirms the stabilization of the α-FAPbI3 phase 
upon composite formation with PVDF, achieved at annealing 
temperatures of 150 °C (black film). The XRD profiles reveal 
that the characteristic diffraction peaks of FAPbI3 appear at 
identical positions to those observed in pristine FAPbI3 apart 
from the PVDF peaks. In the present study, stabilization of 
the α-FAPbI3 phase is achieved within the PVDF matrix 
because the polymer framework suppresses the rotational 

by modulating crystal growth and interfacial properties, 
supporting its active role in improving polarization and 
interfacial charge transport in the present composite system 
[3]. Also, in some studies it is reported that, improvements 
in the performance of the perovskite were primarily achieved 
through Schottky junction optimization and PVDF-assisted 
enhancement of rectification, carrier concentration, and 
stability in perovskite systems [3, 4]. Building on these 
findings, the present work extends the Schottky framework 
to a PVDF/FAPbI₃ bulk composite, enabling distributed 
internal interfaces and polarization-induced fields that deliver 
enhanced energy harvesting performance and operational 
stability. In this study, we present a simple approach of 
solution-processed, spin-coated composite of α-FAPbI₃ 
embedded in PVDF. Within the composite, the perovskite 
exhibits a highly stable, non-reversible α-phase under 
ambient conditions. At the optimized α-FAPbI₃ loading 
FPF-3 composition, the composite exhibited a remarkable 
enhancement in the ferroelectric and piezoelectric properties 
of PVDF, as reflected in significantly improved saturation 
and remnant polarization values. Recent studies have shown 
that PVDF incorporation enhances carrier concentration and 
Schottky rectification in perovskite systems by improving 
crystallinity and interfacial interactions [3]. A photo-
assisted energy harvesting device was fabricated to evaluate 
performance under different illumination conditions. Hand-
tapping responses revealed output voltages of ~23.7 V (dark), 
~38.4 V (white light), ~52.25 V (UV-390 nm), and ~62.6 V 
(UV-360 nm). Illumination enhanced the output by ~62.02%, 
demonstrating the device’s strong potential for photo-assisted 
energy harvesting applications. In this context, the ~62.02% 
light-assisted voltage enhancement observed in the present 
work is attributed to photo-induced carrier modulation at 
the PVDF-perovskite interface, which strengthens Schottky 
barrier asymmetry and promotes efficient directional charge 
transport.

Materials and Methods
Materials

Formamidinium acetate (99%), hydroiodic acid (57 wt.% 
in water, distilled, stabilized, 99.95%), diethyl ether (97%), 
lead iodide (99%), N,N-dimethylformamide (anhydrous, 
99.8%), and polyethylene terephthalate (PET)-based indium 
tin oxide (ITO) substrates were obtained from Sigma Aldrich. 
PVDF pellets Inoflar™ 1020 was procured from Gujarat 
Fluorochemicals Limited, ethanol (99.9%) from Changshu 
Hongsheng Fine Chemicals Ltd., and polydimethylsiloxane 
from Dow Chemicals. All chemicals were used as received 
without any further purification or modification.

Methods
FAPbI3 synthesis

Formamidinium iodide (FAI) was synthesized by 
dissolving formamidinium acetate in a two-fold molar excess 
of 57 wt.% hydroiodic acid and stirring at 50 °C for 10 min. 
The product was dried at 100 °C to yield a white powder with a 
faint golden hue, washed with diethyl ether, and recrystallized 
twice from ethanol to obtain pure needle-like crystals. The 
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Figure 1: (a) XRD pattern of the α-FAPbI3 and (b) XRD pattern of the PVDF/FAPbI3 composite.

Figure 2: (a) Ferroelectric property, P-E loop of PVDF and FPF composites, (b) energy storage density achieved by different composites, and (c) maximum 
saturation polarization and remnant polarization achieved by different composites.
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effects of increased electroactive phase content, enhanced 
interfacial polarization, and improved dielectric breakdown 
behavior arising from optimized polymer–filler interactions 
[8]. The piezoelectric properties, expressed in terms of remnant 
polarization (Pr) and maximum polarization (Pmax), are shown 
in figure 2c. Remnant polarization, representing the residual 
lattice dipole moment after polarization, originates from 
heterogeneous polarization caused by charge accumulation at 
the interface between the FAPbI3 and the PVDF matrix. In 
contrast, maximum polarization corresponds to the saturation 
polarization attained under the applied electric field [9]. The 
optimized composite has shown a maximum polarization of 
0.03 µC/cm2, whereas it is only 0.018 µC/cm2 for the pure 
sample. On the other hand, the remnant polarization value 
for the optimized FPF-3 composite is 0.01 µC/cm2, whereas 
it is only 0.001 µC/cm2 for the pure sample. These findings 
highlight the potential of the composite film for advanced 
applications in piezoelectric energy harvesting and sensing.

Light-assisted energy harvesting using multifunctional 
perovskites has gained significant attention due to their ability 

disorder of FA cations through strong interfacial confinement 
and electrostatic interactions, thereby facilitating the retention 
of the α-phase at room temperature [6].

Figure 2a presents the ferroelectric P-E loops of PVDF 
and PVDF/FAPbI3 composites, measured at 50 Hz frequency 
and room temperature. Compared to pure PVDF, the FAPbI3 
incorporated composites exhibit significantly enhanced 
ferroelectric behavior. Pure PVDF shows a weak P-E response, 
while the nanocomposites display higher polarization under 
applied electric fields. This improvement arises from the 
increased electroactive phase content in PVDF, which facilitates 
reorientation of ferroelectric domains, thereby enhancing the 
overall ferroelectric properties of the composites [7]. At any 
applied electric field, the energy storage density (Ustored) is 
evaluated by integrating the P-E hysteresis loop relative to the 
electric field axis, and the result is depicted in figure 2b. The 
results indicate that the FPF-3 composite showing the highest 
energy storage density value (215.27 mJ/cm3) which is much 
higher than that of pure PVDF (89.43 mJ/cm3). The increment 
in the energy storage density originates from the synergistic 

Figure 3: Light-assisted energy harvesting characteristics, (a) mechanism of exciton generation under photo-illumination, (b) piezo-photo synergistic 
charge separation process, (c) energy harvesting output under dark and illuminated conditions, and (d) performance comparison under UV-390 nm and 
UV-360 nm irradiation.
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to generate excitons under illumination and exhibit excellent 
energy conversion properties. By coupling the photovoltaic 
effect with piezoelectric energy conversion of PVDF, the 
composites enabled enhanced charge density, stronger 
dipole moments, and reduced recombination losses under 
simultaneous mechanical and optical stimulation. The detailed 
mechanism related to that is depicted in figure 3a and figure 3b.

Among these, the black α3-phase of FAPbI3 stands out 
for its superior photoactivity and photovoltaic efficiency. A 
flexible device fabricated out of optimized FPF-3 composite 
on ITO-coated PET and tested under hand tapping and 
different light conditions (represented in figure 3c and figure 
3d) showed clear enhancement in output voltage, rising from 
~23.7 V in dark to ~38.4 V under white light and further to 
~62.6 V under 360 nm UV illumination and ~52.25 V under 
390 nm UV, corresponding to a ~62.02% increase. These results 
highlight the strong potential of α-FAPbI3/PVDF composites 
for efficient light-assisted energy harvesting applications.

Conclusion
This work presents a simple and effective approach to 

stabilize the photoactive α-FAPbI₃ phase within a PVDF 
matrix, as verified by XRD analysis. Composite films with 
different FAPbI₃-PVDF ratios were systematically studied for 
their ferroelectric properties, including energy storage density, 
saturation polarization, and remnant polarization. Among 
them, the FPF-3 composition exhibited the best performance, 
with an energy storage density of 215.27 mJ/cm³, saturation 
polarization of 0.03 μC/cm², and remnant polarization of 0.01 
μC/cm². A light-assisted energy harvesting device fabricated 
from FPF-3 demonstrated distinct output responses under 
dark, white light, and UV illumination (360 and 390 nm), 
achieving ~62.02% higher output voltage under white light. 
These findings underscore its strong promise for next-
generation photo-assisted, self-powered energy systems.
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