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Abstract

Developing flexible, wearable, efficient, and self-powered electronic devices based on

piezoelectric nanogenerators aspires to be a sustainable solution to renewable energy

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

harvesting and storage. We report on a lead-free halide perovskite Cs3Sbzlo and polyvinylidene

Open Access Article. Published on 06 5 2025. Downloaded on 2025-05-12 8:45:42.

fluoride (PVDF) based composite device capable of scavenging energy from routine

(cc)

biomechanical activities. Regulated incorporation and optimization of Cs3Sbzly into the PVDF
matrix increased the electroactive phase of the device to ~ 82% with a piezoelectric coefficient
of 7.48 pm/V. The champion device produced an open circuit output voltage of 85 V and a
current of 2.6 pA. Furthermore, the device generated approximately ~1.26 pW/cm? of power
density when connected to a 0.8 MQ resistor, sufficient to operate portable electronic gadgets.
We tested the device for its energy generation capabilities under simple human biomechanical
movements such as hand hammering, finger tapping, elbow bending, knee bending, and toe

pressing. To demonstrate the versatility of the nanogenerator device, we also tested its energy
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generation and storage capabilities by charging capacitors up to ~2.2 V. The devigg exhibj

impressive durability and repeatability over 10000 cycles, underscoring its potential as a
promising solution for addressing the energy demand of portable and Internet of Things (IoT)
devices through piezoelectric nanogenerators. Work function calculations by density functional
theory demonstrated that the composite exhibited reduced work function compared to
individual components, indicating favorable electron emission characteristics. We also realized
the piezo-phototronic effect in the composite by a self-powered photodetector exhibiting an

increment of 63%, offering a potential in piezotronics and optoelectronic devices.

Keywords: Lead-free halide perovskite, Self-powered sensor, Piezoelectric nanogenerator,

Density functional theory, Piezo-phototronic effect.

1. Introduction:

The ever-increasing demand for energy and the strained resources of traditional energy
necessitate the development of self-powered electronic devices for efficient, sustainable energy
sources, which is consequently an important focus area of global research. Environment
protection and sustainable energy sources are the two main pillars of our future world, and
much research has been undertaken to harness various types of renewable energy resources,
including solar, thermal, mechanical, wind, and vibration [1,2]. In this context, the halide
perovskites (e.g., CsPbBr3, MAPbI3, FAPbI3) have emerged significantly because of their
exceptional properties like bandgap tunability, high charge carrier mobility and low exciton
binding energies [3—-6] due to which they have demonstrated tremendous potential in various
energy and environmental applications, such as CO» reduction, light-emitting diodes, solar
cells, piezoelectric and triboelectric nanogenerators, and enhanced photodetectors with piezo-

phototronic effects [7-13].
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The piezoelectric nanogenerators (PENGs) have gathered attention dyg .t {h&it o oie

applications in energy harvesting, self-powered electronics, wearable devices, and the Internet
of Things (IoT) [11,14,15]. The nanogenerators can generate an electric field under external
strain, making them suitable for energy harvesting from readily available environmental
sources. Additionally, the photodetectors can convert light signals to electrical signals, making
them useful in automation, live-cell imaging, and light sensing [16,17]. Although many organic
and inorganic perovskite materials, including ceramics and semiconductors have been
extensively used because of their ferroelectric, dielectric, and piezoelectric properties [18-22],
lead toxicity, in the context of environmental safety, remains a critical issue. The
manufacturing, usage, and disposal of lead-based materials can lead to soil, water, and air
contamination, posing detrimental effects on ecosystems and human health, due to which the
development and suitable integration of lead—free perovskites in energy harvesting devices is

imperative.

Replacing lead (Pb) to reduce environmental toxicity while retaining the critical
physicochemical properties of halide perovskites is challenging, although some metal cations
like tin (Sn?") [23,24], germanium (Ge*") [25,26], bismuth (Bi*") [27-29], and antimony (Sb>*)
[30,31], have been attempted with mixed success. Many different materials such as ceramics
(BaTiOs, PZT, PMN-PT, NaNbO3, ZnSnO3, etc.) [32-36], semiconductors (ZnO, CdS, ZnS,
GaN, etc.) [37-40], and polymers have been reported to have demonstrated superior energy
conversion efficiencies and piezoelectric coefficients. Piezoelectric polymers and copolymers,
such as polyvinylidene fluoride (PVDF), have been utilized for energy harvesting due to their
high piezoelectric coefficient, chemical and thermal stability, flexibility, biocompatibility, and
lightweight. Depending on their chain arrangements, these semi-crystalline polar polymers
typically display active crystalline phases, including a, f3, y, and d (a polar variant of o). The

phase is non-polar in nature and the most thermodynamically stable phase [41]. The  and y
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are polar and semi-polar phases of PVDF. The non-polar phase of PVDF is used as an, insuldtor s seor

At the same time, the presence (and, if possible, enhancement) of the B-phase (TTTT
conformation) is ideal for piezoelectric response since it has the maximum dipole moment per
unit volume [42—45]. Additionally, one can attain ultrahigh content of the electroactive [ phase

of PVDF for high energy storage density [46].

Very recently, the piezo-phototronic effect has been explored to improve the
performance of optoelectronic devices [13,47,48]. Due to the non-centrosymmetric crystal
structure, piezoelectric charges and potentials in micro/nanostructures at the heterojunction or
interface are capable of modulating the heterojunction band structure and tuning the charge
separation, transport, and recombination in optoelectronic processes under normal stress. The
hybrid perovskites (in pristine and in conjunction with polymeric systems) have shown
potential applications as PENGs for energy harvesting by exploiting piezoelectric properties.
Although the methods to harness the energy from light irradiation and mechanical stress are
substantially different, developing materials that can synergistically combine the
aforementioned energy sources through a suitable technique for self-powered optoelectronic
devices is quite desirable. Thus, exploring the piezo-phototronic effect in such halide
perovskites for use in self-powered photodetectors and piezoelectric nanogenerators is very

intriguing.

This study focuses on a piezoelectric nanogenerator and piezo-phototronic effect based
on lead-free perovskite Cs3Sbalo -PVDF composites, which can open up new avenues in the
area of strain-induced optical sensing. The Cs3Sbaly perovskite was synthesized using a
solution method and loaded (in different weight fractions) into the PVDF matrix to fabricate
Cs3Sbalo-PVDF composites. The electroactive B phase increased up to ~82% in the optimized
composite, which is much higher than that of pristine PVDF. The maximum and residual

polarizations of the optimized composite (estimated from the P-E hysteresis loop) are 0.525

4
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uC/em? and 0.026 pC/cm?, respectively. The piezoresponse force microscopy of the pptimiized; s ors
composite shows a butterfly loop with a maximum deformation of ~ 150 pm under +20 V bias,
and the piezoelectric coefficient (d33) is found to be ~7.48 pm/V. The PENG device fabricated
from the best composite generated an open circuit output voltage of ~85 V, a short circuit
current of ~ 2.6 pA, and a power density of ~1.26 pW/cm? across a 0.8 MQ resistance. Further,
the best-performing device was used to generate electrical signals via various biomechanical
motions and showed the capability of charging different capacitors, making it useful for small
portable devices. The density functional theory (DFT) study showed a reduced work function
at 5.27 eV of the composite of Cs3Sbzly and PVDF, indicating the favorable electron emission
properties from the Fermi level to the external environment. The piezo-phototronic effect was
observed under tensile and compressive strains in dark and light conditions. The synergistic
coupling of semiconducting properties of halide perovskites with piezoelectric properties and
optical excitation offers newer perspectives on exploring mechanical energy harvesters as well

as piezoresponse-based sensors and actuators.

2. Experimental Section

2.1 Materials and chemicals:

Antimony (1) triiodide (Sbls, 98 %, OttoChem), cesium iodide (Csl, 99.99 % trace
metals basis, Sigma Aldrich), N, N — dimethylformamide (DMF, dried,99.5%, water 0.005%,
Sisco Research Laboratories Pvt. Ltd., India), isopropanol (IPA), acetone (Extra pure M.F.:
(CH3).CO, M.W. 58.08), and polyvinylidene fluoride (PVDF) (Mw-1,83,000) were procured

from Sigma Aldrich. All chemical reagents were used without anyfurther purification.

2.2 Synthesis of Cs3Sb:lo perovskite:
2 mmol of antimony triiodide (Sbl3) was mixed in 1.5 mmol of DMF and

stirred at 1000 rpm at room temperature until dissolved. After that, 3 mmol of cesium iodide
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(CsI) was mixed in the solution and stirred for one hour. The prepared solution ;Was ' scsros
centrifuged at 4000 rpm for 10 minutes in IPA. The collected compound was dried at 90 °C
for 12 hours in a vacuum oven. The schematic representation of this synthesis is shown in Fig.

S1 (see supplementary information).

2.3 Preparation of the composite:

750 mg PVDF was dissolved in the mixture of 6 ml acetone and 4 ml DMF
at 70 °C and 1000 rpm. Afterward, we added Cs3Sbolo with varying concentrations (2, 4, 6, 8,
and 10 wt.%) and stirred for two hours. Upon getting a dark orange-colored homogeneous
solution, it was drop cast on the cleaned glass slides and kept in a vacuum oven at 70 °C for
12 hours. Thereafter, the composites were removed from the glass slides and used for various
characterization and fabrication of devices. To minimize the presence of the triboelectric
effect, the fabricated devices were encapsulated in PDMS according to our previous work
[49]. The schematic representation is shown in Fig. S2 (see SI). The composites were named
PCSI2, PCSI4, PCSI6, PCSI8, and PCSI10, where PCSI signifies PVDF/ Cs3Sbalg composite,
and the numeric suffix indicates the weight percentage of loaded Cs3Sbaly into the PDVF

matrix.

3. Characterization

X-ray diffraction (XRD) of the synthesized sample was performed on a Multipurpose
XRD (SmartLab, Rigaku Corp.) with Cu-K, radiation of wavelength 1.5404 A at room
temperature. We used the JEOL JSM—7900F instrument for Field Emission Scanning Electron
Microscopy (FESEM) for morphology and energy dispersive X-ray spectroscopy (EDX) for
the elemental study of the sample. UV-vis spectra were done using a QE-R quantum efficiency

measurement system (EnliTech, Taiwan). The thermogravimetric analysis (TGA) was
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performed from room temperature to 800 °C under N> environment using a Perkin Blmer TGA Gseo:
system. The differential scanning calorimetry (DSC) was done on a Perkin Elmer DSC system.
The vibrational modes of the Cs3Sbzly and PVDF composites were evaluated using Fourier
Transform Infrared Spectroscopy (FTIR) (FTIR-Spectrum 2, PerkinElmer). Compositional
analysis of Cs3Sbalo was investigated by X-ray Photoelectron Spectroscopy (XPS) using a
SPECS HSA-3500 hemispherical analyzer with a monochromatic Mg-K, X-ray source. An
LCR spectrometer was used to make dielectric measurements in the frequency range of 4 Hz—
8 MHz (HIOKI, model: IM 3536). PFM measurement was performed in an Asylum Research
AFM (MFP-3D BIO) to investigate the local piezo response properties. The spring constant
value of the AFM tip is 2.80 N/m. The room temperature ferroelectric measurement was
performed using the RADIANT ferroelectric test apparatus (Radiant Technologies Inc.) and
Vision software. A digital storage oscilloscope was used to investigate the piezoelectric

properties.

3.1 Computational Details for DFT Study:

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Theoretical studies have been carried out using the density functional theory (DFT)

Open Access Article. Published on 06 5 2025. Downloaded on 2025-05-12 8:45:42.

with the Vienna Ab initio Simulation packages (VASP) [50]. Projected Augmented Wave

(PAW) pseudopotential [51] is used to depict the behavior of core electrons, and the electron

(cc)

exchange-correlation interaction is described by Perdew, Burke and Ernzerhof (PBE) within
the Generalised Gradient Approximation (GGA) [52]. The kinetic energy cut-off for the plane
wave basis set is taken as 450 eV, which is set after the convergence test. The convergence
criteria for total energy and force during electronic and ionic relaxation were set at 10~ eV and
10 eV/A, respectively. The Brillouin zone in the k-space is sampled using the Monkhorst-
Pack scheme with 3x3x1 K-Point grid. A heterostructure is constructed with a 2x3x1 supercell
of Cs3Sbaly and Polyvinylidene fluoride (PVDF), where Cs3Sbalo was cleaved along (003) plane

[53]. To prevent the interaction between repeating images, a vacuum length of 30 A is

7
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employed in the c-direction. DFT-D3 method is applied with the Becke-Johnsgn, damitis’ seore

function [54].

4. Results and Discussion:

The XRD profile of the synthesized Cs3Sbalo is shown in Fig. 1(a). The diffraction peaks
at 20 = 25.5°,26.1°,27.8°,30.1°,32.7°,and 43.3° correspond to the planes (006), (202),
(203), (204), (205), and (420) respectively, and matches with earlier reports [55]. The Rietveld
refinement of XRD data was performed using FullProf Suite software. The estimated values of
lattice parameters are a = 8.36 Ab=8.36A4c=20944a= B =90°andy = 120°, and

is ascribed to the space group P3ml. Figure 1(b) shows the crystal structure of Cs3Sbalo,
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Figure 1: (a) The XRD profile and Rietveld refinement, (b) the crystal structure, and (c) UV-

vis spectroscopy of Cs3Shalo. Core level XPS spectra of (d) Cs, (e) Sb, and (f) I of Cs3Sbls.

which is rendered using VESTA software [56]. The UV-vis spectroscopy of Cs3Sbalo (Fig. 1(c))
shows a sharp decrease at 580 nm. The bandgap is calculated using the Kubelka-Munk function

and approximated to 2.08 eV (inset of Fig. 1(c)). The chemical compositions and oxidation
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(f). The peaks for Cs 3ds2, Cs 3ds2, Sb 3ds, Sb 3dsp, I 3ds, and 1 3d32 appear at 725.3 eV,
739.4 eV, 530.5 eV, 539.8 eV, 619.1 eV, and 630.6 eV, respectively [53]. These peaks suggest
that all the elements of Cs3Sboly are in their normal oxidation states. The survey scan of
Cs3Sbalg is shown in Fig. S3 (see SI). The FESEM image and the EDX spectrum of the prepared
Cs3Sbalg sample are shown in Fig. S4 (a) and (b), respectively (see SI). The EDX of Cs3Sbaly
shown in Fig. S4 (b) (see SI) reveals only the presence of Cs, Sb, and I in the sample. The
absence of impurity-related peaks in the EDX confirms that Cs3Sbzlo is in its pure phase. In
Fig. S4 (c) (see SI), the EDX mapping of the sample shows the uniform distribution of the
elements, and the atomic ratio of the elements is found to be in the stoichiometric ratio of Cs:
Sb: I = 22:14:64. The thermal analysis of Cs3Sb2ly powder has been performed using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Figure S5(a)
shows the TGA of the sample in the temperature range of 30 °C to 800 °C. The material remains
stable up to ~370 °C, where a significant weight loss starts, indicating its decomposition.
Around 600 °C, the weight drops to ~40% and continues to decrease gradually after this point.
In Figure S5(b), the DSC curve illustrates heat flow during heating and cooling cycles from 30
°C to 410 °C. An exothermic peak is noticed around 370 °C during heating. However, upon
cooling, the heat flow remains relatively stable, suggesting that the decomposition is
irreversible. Figure S5(c) shows the TGA of PVDF and all the composites. PVDF is stable up
to ~430 °C and starts degrading after that. However, in the case of composites, they start
decomposing at an earlier temperature, ~400 °C. The reason for this could be the effect of the
addition of Cs3Sbalo as its weight decreases after 370 °C. The DSC curves of PVDF and all the
composites are shown in Figure S5(d)-(i). From the plots, it is clear that there is not much

change in the heat flow during the heating and cooling cycles.
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The XRD profile of PVDF and all composites (PVDF with Cs3Sbalo) PCSIsarg shoWh s o1s

in Fig. 2(a). The presence of peaks corresponding to Cs3Sbzls confirms the stability of Cs3Sbalg
structural phases within the PVDF matrix. In Fig. 2(b), the peaks appearing at 260 =
18.6°,20.2° and 20.8° are related to the non-polar phase (&), semi-polar phase (y), and polar
phase (3) of PVDF, respectively [19,57,58]. In pristine PVDF, the a phase is dominant as
compared to the semi-polar and polar phases in Fig 2(b). Once Cs3Sbzls is added as a filler in
the PVDF matrix, there is a notable enhancement in 3 and y peak intensities (at 20.2° and 20.8°)
while the a peak intensity at (18.6°) decreases, as seen in Fig. 2(c). The deconvoluted XRD
profiles of all other composites are shown in Fig. S6 (see SI). FTIR spectra of all the composite
films are shown in Fig. 2(d). The bare PVDF shows the dominant non-polar a phase as evident
from the vibrational bands at 1214,1150, 976, 856, 796, 764, and 763 cm™'. The bands related
to the semi-polar y phase appeared at 1234 and 812 cm™!, [59] and the polar 8 phase appeared
at 1275 cm™ [60,61]. Generally, PVDF consists of a low percentage of 8 phase (about 35%),

which limits its piezoelectric energy harvesting properties. The incorporation of Cs3Sbalo

11

A08601E


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta08601e

Open Access Article. Published on 06 5 2025. Downloaded on 2025-05-12 8:45:42.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

@

~
O
~

Intensity (arb. units)

— PVDF
= Fitted Curve
1

«CssShylg ! PCSI 10

l I—PCSI 8

©)

l —PCSI 6
st fhemsect b’ 18

Intensity (arb. units)

Page 12 of 41

View Article Online
DO 10.1039/D4TAO08601E

—pcsis |
= Fitted Curvep

—~
o
~

(arb. units)

I —PCSI 4
’\ —PCSI 2

— PVDF

Intensity (arb. units)

*

wseinttPpspinsmsossy

— Absorbance

10 15 20 25 30 35 40 1400 1200 1000
20 (°)

g,"_‘-

Wavenumber (cm?)

800 600

Mep Data 1

Map Data 1

0 2 4
Weight % of Cs3Sbylg in PVDF

8 10

Map Data 1 H

Figure 2: (a) The XRD of all composites, fitted XRD profile of (b) PVDF, and (c) PCSIS. (d)

FTIR spectra of all the films, (e) variation of electroactive phase content as a function of weight

% of Cs3Sb2ly in PVDE, (f) FESEM of PCSIS over a vast area, and (g) EDX mapping of PCSIS.

increases the 8 phase content at the expense of the @ phase in the PVDF matrix. The bands at

764 cm™ and 840 cm™! are used to determine the electroactive phase content using the formula

[49,62].

_ Agag

K764

X 100 %

A764+Aga0

12

(1)
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Here, As4o and A7es are the absorption intensities at 840 and 764 cm™, respectively, Kkiorsseons
and K74 are the absorption coefficients corresponding to the bands 840 and 764 cm™! with the
values 7.7 x 10* cm?/mol and 6.1 x 10* cm?/mol, respectively. The electroactive phase content
increases as more and more Cs3Sbolg is loaded into the PVDF matrix, reaches a maximum of
up to 82% for PCSIS, and then it decreases when loading is increased further, as observed in
Fig. 2(e). The surface of PCSI8 shown in Fig. 2(f) shows a homogeneous mixing of the
Cs3Sbolg perovskites with the PVDF matrix, with uniformly distributed oriented fibrils and the
spherulitic shape of the composite. The EDX elemental mapping of the PCSI8 composite is
shown in Fig. 2(g), indicating the presence of Cs, Sb, I, C, and F. The EDX scan profile for the
same sample is shown in Fig. S7 (see SI) and confirms the successful synthesis of the
Cs3Sbalo. PVDF hybrid. The FESEM images of PVDF and other PCSIs are shown in Fig. S8

(see SI).
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Figure 3: Schematic representation of interfacial interaction between PVDF matrix and

Cs3Sbh1o.

The schematic representation of the interaction between PVDF and Cs3Sbaly is
demonstrated in Fig. 3. Pristine PVDF consists of a significantly large portion of o phase
(TGTG configuration) compared to the {3 phase (TTTT configuration), limiting its piezoelectric
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of the a phase in the PVDF matrix. When a filler like Cs3Sbzlo is added, the interaction between
the surface charges of the filler and —CH>— and —CF>— dipoles of PVDF induces the desired
ordering of 3 phase, resulting in the enhanced electroactive phase content. We note from Fig.
2(e) that the electroactive phase content increases up to 82% with 8% loading, and after that, it
decreases. This could be because the increased concentration creates the agglomeration of the

filler, reducing the 3 phase, hence the reduced piezoelectric response [6,62].

4.1. P-E hysteresis, dielectric, and PFM study

The P-E hysteresis loop of PVDF and other composite films is represented in Fig. 4(a),
performed by sweeping the electric field (E) in the range of 10 kV/cm. Although the observed
loops are not indicative of classical ferroelectric switching, they display characteristic dielectric
polarization with distinguishable residual and maximum polarization values. The presence of
polarization hysteresis, shown in the inset of Fig. 4(a), suggests dipolar alignment and
interfacial polarization effects induced by the embedded perovskite crystals. While pure PVDF
has a residual polarization (P;) of 0.01 uC/cm? and a maximum polarization (Ps) value of 0.184
uC/cm?, the PCSIS has a P; value of 0.026 pC/cm? and a Ps value of 0.525 uC/cm?, the largest
among all the PCSIs. The remanent and maximum polarization as a function of the weight
percent of Cs3Sbyly in PVDF are shown in Fig. 4(b). This implies that PCSI8 has the largest
dipole moment per unit volume out of all the composites since it shows the maximum values
of Prand Ps, which can be attributed to an optimal filler-matrix interaction enhancing the net
dipole contribution. After the loading of 8%, the values of P: and Ps decrease due to the
agglomeration of Cs3Sbalg in the PVDF matrix. The pure PVDF shows the lowest remnant and
saturation polarization, indicating the smallest dipole-dipole interaction. This also corroborates

the fact that adding Cs3Sbaly to PVDF increases the dipolar interaction in the system, which in
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turn enhances the electroactive f phase in the PVDF matrix. The leakage current densitieS 0f) 500
PVDF and all the composites were also measured to understand their insulating behavior, and
are shown in Fig. S9 (see SI). The leakage current measurements reveal that the PCSI8
composite exhibits a slightly higher current than pristine PVDF and the 2 wt% sample, but
remains significantly lower than those with 4%, 6%, and 10% loading. This suggests that while
increasing perovskite content can introduce localized conductive pathways, the 8 wt%
composition still maintains a good dielectric character with controlled leakage. This moderate
leakage, combined with enhanced polarization, indicates an optimal trade-off between dipolar

response and electrical insulation, suitable for the nanogenerator application.

Impedance spectroscopy (IS) is a useful study that explores the electrical properties of
a material as a function of frequency and temperature. It helps in understanding the behavior
of bound and mobile charges, energy storage, and dissipation in solid-state devices. The
temperature-dependent complex dielectric permittivity spectra were deduced using the IS data.

A qualitative discussion on the complex impedance spectra, comprising of frequency and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

temperature variation in the real (Z'(w)) and imaginary (Z''(w)) part of impedance, can also

be found in the supplementary information (see SI).

Open Access Article. Published on 06 5 2025. Downloaded on 2025-05-12 8:45:42.

The behavior of a dielectric material towards an electric field can be understood using

(cc)

complex dielectric formalism, which is represented as
€ (w) = €'(w) — je" (w)

where €' (w) and €' (w) are the real and imaginary parts of complex dielectric permittivity
€" (w) which represent the stored energy and energy dissipation of the applied electric field
[63] and can be calculated using the below equations.

Zl
wCo(Z'% +Z'"2)

€'(w) =
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A ) . e :
Here, C, = GOT is the free space capacitance, €, is the permittivity of free space, A is the area

of the electrode, and d is the thickness of the pellet.

Figure S10(c) and (d) show the frequency dependent €'(w) and €" (w), respectively,
at different temperatures, indicating that €'(w) and € (w) are higher when the frequency is
low and gradually decreases when the frequency increases for a particular temperature. The
dielectric behavior mainly depends on electronic, ionic, interfacial, and orientational
polarizations. € (w) is higher in the low frequency region and decreases as the frequency
increases. In the low frequency region (< 10 KHz), interfacial polarizations are more dominant,
which contributes to the value of the dielectric constant, €' (w). However, in the high frequency
region (>10 KHz), orientational, electronic, and ionic polarizations take over. At low
frequencies, dipoles in the material have enough time to align themselves with the applied field,
leading to a high dielectric constant. Since the orientation polarization also depends on the
temperature, €' (w) also increases with the increase in the temperature. However, the dipoles
struggle to keep up with the fast-changing field, hence the reduced dielectric constant. To
understand whether or not the materials (Cs3Sbzlo, PVDF, and PCSI) exhibit ferroelectric phase
transition, we further checked the €' vs T behavior at higher frequencies (10 kHz) shown in
Fig. S10(e)-(g). However, in the €’ vs T plot, we do not observe the typical A-shaped behavior
characteristic of a ferro-to-paraelectric phase transition, which indicates the predominant
dielectric nature of the Cs3Sbaly and the composite samples. The €' value for PCSI8 shows a
strong temperature dependence as compared to that for the Cs3Sbaly and bare PVDF, implying
that PCSI8 has a higher tendency of orienting dipoles compared to Cs3Sbzlo and bare PVDF.
However, none of the samples follow the typical Curie-Wiess law for ferroelectric to

paraelectric transition.
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The dielectric loss, €” (w), shows higher values at low frequencies but decrgases WHeH -0 5
the frequency increases. At low frequencies, the charge carriers experience higher resistance
due to space charge accumulation at the grain boundaries, which leads to more energy
dissipation. However, at higher frequencies, charge carriers cannot follow the fast switching of
the field, and hence, the conduction loss is reduced significantly, which is consistent with
Koop’s phenomenological theory [64]. We also plotted loss tangent, tan §, as a function of
frequency at various temperatures, shown in Fig. S10(h). It is the ratio of dielectric loss to
dielectric constant (e /€") which provides the energy dissipation caused by charge carrier
conduction represented by broad loss peaks. The occurrence of this peak is because of the
alignment of the hopping frequency with the frequency of the applied external field. The loss

peaks also shift to higher frequencies as temperature increases because of temperature-

activated hopping phenomena.

The dielectric properties of the composites are significant for energy storage devices. A

material’s dielectric constant can reveal the charging capacity, while the dielectric loss feature

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

accounts for the energy dissipation in every cycle. The dielectric nature of PCSIs is similarly

Open Access Article. Published on 06 5 2025. Downloaded on 2025-05-12 8:45:42.

affected by the addition of Cs3Sbzlo to PVDF. Figure 4(c) shows the dielectric

(cc)
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Figure 4: (a) P-E loop of PVDF and PCSIs and the inset shows the zoomed PE loop of PVDF
and PCSIS, (b) residual and saturation polarization as a function of weight %, (c) Variation of
& with frequency, (d) dielectric loss of the composites as a function of frequency, (e) The
amplitude image, (f) The phase image, (g) The amplitude vs bias, (h) The phase vs bias, (i)

piezo response vs bias.

permittivity (g,) of all the PCSIs in the frequency range of 1 kHz to 1 MHz at ambient
temperature. The ¢, values of all the composites are greater than that of pure PVDF. As the
loading amount of Cs3Sbaly is increased, the value of ¢, also increases, which may be attributed
to the interfacial interaction between PVDF and some preferred terminations of Cs3Sbalg
surfaces [52]. Among all the composites, PCSIS8 has the highest ¢, value, and after 8% loading

of the perovskite in the PVDF matrix, it decreases because of agglomeration. The larger values

18


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta08601e

Page 19 of 41 Journal of Materials Chemistry A

icle Online

of ¢, at a low-frequency range are a cumulative effect of the ionic, interfacial, dipolar, &id; seor
electronic polarizations. However, the value of ¢, decreases as the frequency increases, owing
to the weakening of interfacial/space polarization [65]. Figure 4(d) shows the dielectric loss
(tan(6)) of the composites as a function of frequency. The dielectric loss of the composites
increases rapidly after the frequency of 10 kHz because of the relaxation loss. The stored energy
density and the energy loss density were calculated by integrating the different parts of the P-

E loop (Fig. 4(a)), using the formula [6,62]
U= [EdP )

Where U is the energy density, E is the electric field, and P is the polarization. The stored
energy density and energy loss density of bare PVDF and other composites are shown in Fig.
S11 (see SI). The energy values of PCSIs expectedly increased up to 8% and then started

decreasing owing to the reduction in the electroactive {3 phase.

The piezoresponse force microscopy (PFM) analysis was performed to check the piezo-

response of the composite film PCSI8. The amplitude and phase images over 25 um x 25 pm

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

are shown in Fig. 4(e) and 4(f), respectively. In Fig. 4(g), the composite shows an amplitude

Open Access Article. Published on 06 5 2025. Downloaded on 2025-05-12 8:45:42.

“butterfly” loop with a maximum deformation of ~ 150 pm under +20 V bias (OFF state).

(cc)

Figure 4(h) shows the phase response loop of the PCSI8 composite with +20 V applied bias
voltage. The OFF state is preferred for these experiments to reduce the effects of electrostatic
interactions. The piezoelectric coefficient (d33) which is calculated using the formula
Agefiection = d33Eqc 18 ~7.48 pm/V, which is higher than that of other materials like GaN (3.1
pm/V), NaNbOs (4 pm/V), and MAPDbI; [66—68]. The mechanical strain developed within the
film under an applied field affirms the presence of piezo-response in the composite. The piezo-

response hysteresis loop is shown in Fig. 4(i), obtained by P. = A(E) cos[¢d(E)], where A(E)
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and ¢(E) are the amplitude and phase as a function of the applied electric field, respectiVels s seorr

[49]. The 3D topographical image is shown in Fig. S12 (see SI).
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Figure 5: (a) The open circuit voltage and (b) short circuit current of all the devices. (c) Voltage
and current as a function of load resistance, (d) power density vs resistance, (e) voltage
response in _forward and reverse bias configuration, (f) rectified DC voltage of PCSIS device,
and (g) schematic representation of the working mechanism of the piezoelectric response under

external mechanical deformations.

4.2. Piezoelectric Nanogenerator performance for energy harvesting application

To investigate the piezoelectric response for energy harvesting applications, the
nanogenerator devices of bare PVDF and PCSIs were fabricated. The schematic of the device

20
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configuration is shown in Fig. S13 (see SI). The effective area of the device is 7 X2 cm2 il aros
the piezoelectric effect was obtained by repeated hand hammering without any external electric
polling. We recorded the open circuit voltage and the short circuit current of all the devices, as
shown in Fig. 5(a) and 5(b), respectively. The open circuit voltage (Fig. 5(a)) and the short
circuit current (Fig. 5(b)) of PVDF are ~ 17 V and 0.5 pA, which increased up to ~ 85 V and ~
2.6 pA for PCSI8 because of the highest content of the electroactive phase (~82%) in the
composite. Although the output performances for all the PCSIs are better than bare PVDF, the
PCSI8 device showed the best performance. The dependence of output voltage and current as
a function of load resistance was also studied. The resistance was connected in the series with
the PCSIS8 and varied from 1 k() to 10 MQ. In Fig. 5(c), the output voltage gets saturated at
high resistance values while the current follows the reverse trend of the output voltage. The
variation of the output power of PCSI 8 as a function of the load resistance is shown in Fig.
5(d), yielding a maximum output power density of ~1.26 pW/cm? across at 0.8 M{ resistor.
The power density of PVDF as a function of resistance is shown in Fig. S14 (see SI). For

PCSIS, the best-performing device, with the addition of 8% CssSbzls in the PVDF, the voltage

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

increases by 80%, and power density increases ~320 times that of pure PVDF. Upon changing

Open Access Article. Published on 06 5 2025. Downloaded on 2025-05-12 8:45:42.

the polarity of the PCSIS, the output voltages in the forward and reverse bias connection are

(cc)

almost the same (Fig. 5(¢)), confirming that the voltage is primarily due to a piezoelectric
effect. Figure 5(f) shows the DC output voltage of PCSIS8, obtained using a bridge rectifier
circuit. A schematic in Fig. 5(g) explains the mechanism of the generation of piezoelectric
potential from PCSIs under mechanical stress. The molecular dipoles are represented by strips
having positive and negative charges at the end. The polarization is defined as the sum of the
electric dipole moment of all the molecular dipoles per unit volume. The molecular dipoles
have different dipole moments. Initially, when there is no force imparted on the composites,

they are oriented randomly, making the total electric dipole moment of the system zero, and
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hence, there is no electric signal in the external circuit. When a mechanical force is applied 0fi5sio:c
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the top surface of the PCSI, the electric dipoles get oriented in the direction of the applied force.
So, the electric dipole moment occurs in the composite, and positive and negative charges are
induced at the top and bottom surfaces. The applied pressure deforms the crystalline structure,
which has weaker Van der Waals contact and electrostatic interaction, generating a piezo
potential between the two surfaces. This piezo potential causes charges on the top and bottom
electrodes, generating a positive voltage signal. On the other hand, when the pressure is
released, the piezoelectric potential vanishes, and the stored electrons flow in the opposite

direction, resulting in a negative or reverse voltage signal [62,69,70].

Figure S15 (see SI) illustrates the output voltage of PCSI8 under varying conditions of
frequency and applied force. Figure S15(a) shows that the output voltage remains relatively
consistent with different frequencies (0.5 Hz to 10 Hz). However, the number of voltage cycles
increases with frequency. In Fig. S15(b), the output voltage is shown under varying applied
forces, where an increase in the force from 1 N to 9 N leads to a significant rise in voltage,

suggesting that the nanogenerator is responsive to applied force variations.
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To show the energy harvesting capability of PCSI8 via physiological motigns. Wescoir

performed various human motions and observed the output voltages due to them. The output

voltages corresponding to finger bending (~ 0.9 V), elbow bending (~ 0.7 V), knee bending (~

0.8 V), heel pressing (~ 2.1 V), and toe pressing (~ 5.2 V) were recorded and shown in Fig.

6(a)-(e). Figure 6(f) shows the charging of capacitors of values 2.2 pF, 4.7 uF, 10 uF, 33 puF,

47 uF, 470 pF using the PCSI8 device via a bridge rectifier circuit, shown in Fig. 6(g). The
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charging voltage increases exponentially and gets saturated at 2.2 V. The capacitog, with' d¢S$8csro1c
value of capacitance gets charged much earlier. The ability to charge different capacitors in a
reasonably quick time indicates that the PCSIs can be used as energy storage devices to self-
power portable electronic gadgets. The device’s longevity, durability, and reproducible output
response are checked using a long-cycle fatigue test. The output voltage of PSCIS8, shown in
Fig. 6(h), remains constant during the long-cycle operation for 10000 continuous cycles. The
comparison of other reported nanogenerators’ performance is shown in Table S1 (see SI). Using
only hand-hammering motion, the PCSI8 device also successfully illuminated an array of
commercially available LEDs, shown in Fig. 6(i), the video of which is available as a video

supplementary (VS1).

4.3 DFT Study
In order to validate the experimental results DFT calculations were performed. We

considered the orthorhombic B-phase of PVDF as shown in Fig. S16 (a) (see SI). The Cs3Sbaly

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

crystal structure is shown in Fig. S16 (b) (see SI). Based on the XRD data, we selected the most

prominent peaks associated with the (203) plane of Cs3Sbzls to establish the composite with a

Open Access Article. Published on 06 5 2025. Downloaded on 2025-05-12 8:45:42.

long chain of polyvinylidene fluoride (PVDF). After optimizing the long chains of PVDF

(cc)

polymer on the surface of Cs3Sbaly (203), we observed that PVDF forms bonds by

physisorption. The optimized structure of Cs3Sboly PVDF is shown in Fig. S16 (c) (see SI).

To understand the electronic properties, we have estimated the Density of States (DOS)
for Cs3Sbalo, PVDF, and Cs3Sbalo-PVDF systems. The DOS results of Cs3Sbolo, PVDF and
Cs3Sbolo-PVDF systems are depicted in Fig. 7(a), 7(b), and 7(c), respectively [53,69]. It is
noticeable from Fig. 7(a)-(c) that there is a symmetric behavior of the density of states for up
and down spin, demonstrating the non-magnetic properties of these compounds. Further, there

is a distinct separation between valence band maxima (VBM) and conduction band minima
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(CBM), which represents the insulating behavior of these compounds. The above Figs. Z(a)xcscoc
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(c) clearly shows that there is a reduction in the band gap (Eg) while the Cs3Sbalo surfaces
interact with the PVDF. The reduction in the band gap occurs due to the shift of p-orbital
conduction states towards lower energy of the antimony and iodine, respectively, which is
shown in Fig. 7(d) and (e). The cause of this shift can be attributed to the interaction between
Cs3Sbholg and PVDF layers [71]. Work function calculations have been done to see how easily
an electron can be removed from these materials to an external environment. Work functions
for Cs3Sbalo, PVDF, and Cs3Sbalo-PVDF are depicted in Fig. 7(f)-(h). In our calculation, the
work function for Cs3Sbzlo and PVDF are determined to be 4.74 eV and 6.46 eV, respectively.
For the composite material Cs3Sbalo-PVDEF, the work function is measured at 5.27 eV. Once
the composite is formed, the material exhibits a reduced work function. This suggests that
electrons can readily transition from the Fermi level to the external environment, indicating the

favorable electron emission characteristics of the composite material.

4.4. Piezo-phototronic effect
We have further demonstrated the piezo-phototronic effect in the PCSI8 of Cs3Sbalg

and PVDF under positive and negative strain in the presence of light. The device was prepared
by placing PCSIS8 on a flexible substrate. Then, the silver contact for the photodetection was
made using a physical vapor deposition technique, and two wires were connected at the end
with silver paste with an active area of 2.5 X 1.6 cm?. Figure 8(a) shows the schematic of the
customized setup for investigating the piezo-phototronic effect where the orange-colored film
with two electrodes between the two blue boxes is PCSI8. Here, one end was kept fixed while
the other could be moved to bend the film in different curvatures, creating both positive and

negative strain in the composite.

The bending strain was calculated as,
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Where €, t, and r are the strain, thickness of the film, and bending radius, respectively.

The bending radius was calculated using,

. L
sin(£) =15 @
The derivation of eqn. (4) is provided in supporting information text. Here, L and L — L, are

the initial and reduced lengths, respectively.

The current-voltage data were recorded under a bias of 10V, and the strain was varied
from -1.37 % to +1.37 % under the irradiated condition. In Fig. 8(b), the photocurrent increases
with an increment in positive strain under the light illumination, which can be ascribed to the
piezo-phototronic effect in the PCSI composite [13,47,72—75]. When the positive strain is
applied, a positive piezoelectric potential gets generated, which decreases the Schottky barrier
height (SBH), facilitating the transportation of the electrons. This reduction of the barrier height
aids the electron-hole separation and decreases the recombination of the electron-hole pairs,
ultimately increasing the photocurrent. On the other hand, when the negative strain was applied
to the composite, the photocurrent reduced with the increment of the negative strain. This is
because the negative strain induces the negative piezo potential, leading to the increment in the
Schottky barrier height, which opposes the transportation of the electron and, consequently,
less photocurrent [47,73]. Further, when the positive and negative strains were applied to the
PCSI in the dark, the effect of piezo potential on the dark current in both cases was negligible,

[73] as shown in Fig. 8(c).

We also measured the short circuit current in dark and illuminated conditions on a
photodetection-based device, similar to a piezoelectric nanogenerator. The self-powered

photodetector was fabricated by depositing the solution of PCSIS8 on a flexible ITO-coated PET
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substrate, and a top contact. In dark conditions, I was approximately 0.47 pA, and undetthes s o
light irradiation, it was ~ 1.3 pA, leading to the enhancement in I, by 63%, as shown in Fig
8(d). To understand the mechanism, a schematic of the energy band diagram is shown in Fig
8(e) and (f). In the Cu/PCSI/ITO architecture, the interface between Cu and PCSI is metal-
semiconductor contact, while that between PCSI and ITO is ohmic contact. The schematic of
the device with the energy band diagram is shown in Fig. 8(e) in unstrained and light-off
conditions. When a compressive strain was applied to PCSI, the positive and negative charges
merged at the surface of PCSI due to piezoelectric potential. Due to this, a change in the
Schottky barrier height occurs, which determines the flow of the charge carriers through the
contact. As discussed earlier, the positive and negative piezoelectric potentials will cause a
change in the SBH. So, the energy band at Cu/PCSI contact goes down, and the energy band
at PCSI/ITO contact goes up, as demonstrated in Fig. 8(f) [76]. When the light is irradiated on
it, the charge carriers will be generated in the PCSI, and the piezoelectric potential due to strain
helps in the separation of electron-hole pairs, preventing their recombination process and

increasing the current density, as shown in Fig. 8(g). We also measured the output voltage in

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

dark and irradiated conditions. In the dark condition, it was ~ 8.6 V, and when the light was

Open Access Article. Published on 06 5 2025. Downloaded on 2025-05-12 8:45:42.

turned on, the output voltage decreased to ~ 6.2 V, a drop of ~ 28 %, shown in Fig. S18 (see

(cc)

SI). When the light is on, the photo-generated charge carriers start moving within PCSI,
generating a local electromagnetic field that can prevent the movement of the charge carriers,
as shown in Fig. 8(g). Due to this, there will be less flow of free electrons in the circuit, resulting
in less output voltage. Thus, we successfully demonstrate the piezo-phototronic effect in PCSI,
which can be used as a self-powered optoelectronic device. These composites have tremendous
potential to be employed as optoelectronic sensors due to their synergistic properties

encompassing enhanced biomechanical energy harvesting as well as photodetection properties.
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5. Conclusion: DOI: 10.1039/D4TA08601E

In conclusion, we have successfully developed an environment-friendly, easily
processable, cost-effective, flexible, mechanically robust, and self-sustaining device based on
a lead-free halide perovskite - Cs3Sbalo and PVDF composite. Controlled incorporation of
Cs3Sbaly into the PVDF matrix could enhance the nucleation of the electroactive (f) phase
content. The best device (obtained by loading 8% of Cs3Sbaly into the PVDF matrix) exhibited
appreciable performance with approximately ~82% of S phase activation and a piezoelectric
coefficient of ~7.48 pm/V, which is significantly higher than bare PVDF. The dielectric
permittivity of the composites also increased with the addition of Cs3Sbaly into PVDF, making
them suitable for energy storage devices. The device displayed a maximum remanent
polarization of 0.026 pC/cm? and a saturation polarization of 0.525 uC/cm?). Further, the
device generated a maximum open circuit voltage of ~85 V and, a short circuit current of ~2.6
pA and a maximum power density of ~1.26 pW/cm? (across a 0.8 MQ resistor), which can
sustain portable electronic gadgets and exhibited impressive durability and repeatability,
withstanding up to 10000 cycles. DFT calculation was invoked to understand the interactions
of the perovskite surfaces with the PVDF. It is noted from the calculations that the composite
exhibited reduced work function (5.27 eV), indicating favorable electron emission
characteristics. Finally, we realized the piezo-phototronic effect in the composite by combining
the piezoresponse and photoexcitation processes, yielding a photocurrent increment of 63%,

with prospective applications in integrated piezotronics sensing and optoelectronic devices.
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