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Preferential perovskite surface-termination
induced high piezoresponse in lead-free in situ
fabricated Cs3Bi2Br9-PVDF nanocomposites
promotes biomechanical energy harvesting†

Aditi Sahoo,a Tufan Paul,a Ankan Nath,b Soumen Maiti, c Prabhat Kumar,a

Prasenjit Ghosh b and Rupak Banerjee *a,d

Lead-free halide perovskites have gained immense popularity in photovoltaic and energy harvesting appli-

cations because of their excellent optical and electrical attributes with minimal toxicity. We synthesized

composite films of lead-free Cs3Bi2Br9 perovskite embedded in the polyvinylidene fluoride (PVDF) matrix

and have investigated their piezoelectric energy harvesting. Five PVDF@Cs3Bi2Br9 composite films were

fabricated with varying wt% of the perovskite in the PVDF. The composite with a 4 wt% of the perovskite

shows 85% activation of the electroactive β-phase of PVDF. Additionally, this composite exhibits a

maximum polarisation of ∼0.1 μC cm−2 and the best energy storage density of ∼0.8 mJ cm−3 at an

applied field of ∼16 kV cm−1 among all the synthesized composites. A nanogenerator fabricated using

4 wt% loading in the composite film produced an instantaneous output voltage of ∼40 V, an instan-

taneous current of ∼4.1 µA, and a power density of ∼17.8 μW cm−2 across 10 MΩ resistance when repeat-

edly hammered by the human hand. The nanogenerator is further employed to light up several LEDs and

to charge capacitors with a small active area demonstrating significant promise for prospective wearables

and portable devices and paving the way for high-performance nanogenerators using lead-free halide

perovskites. Density functional theory calculations were performed to understand the interaction of the

electroactive phase of the PVDF with different perovskite surface terminations to unravel the various inter-

action mechanisms and their ensuing charge transfer properties.

1. Introduction
The accelerated depletion of fossil fuels and the unpre-
cedented climate changes induced by harnessing energy from
them has necessitated intense research efforts in renewable
energy sources and technologies, particularly those which are
environment-friendly with a low carbon footprint. In addition
to renewable energy sources, the realization of low-power elec-
tronic devices is also the present need of the hour.1–6 Different
types of energy sources like electrostatic, thermal, solar,

vibration, wind, and sonic waves are present in our circumam-
bient and are used to produce wearable devices.7–9 In this
context, piezoelectric nanogenerators (PENGs) are playing an
important role due to their ability to harvest “battery-less”
energy from ambient sources.10,11 Considerable efforts have
been devoted to exploring potential materials and structures
that can be employed to build PENGs with high electrical
output. Given its electroactive phase content and excellent
flexibility, polyvinylidene fluoride (PVDF) and its copolymers
are among the most attractive choices.12,13 However, bare
PVDF-based nanogenerators have limited electrical output and
cannot meet the increased energy demands. One of the many
successful ways to increase PVDF’s electrical output is to alter
its physical and chemical properties by adding functional
fillers.14,15 In addition to their deployment in optoelectronic
devices like solar cells, LEDs, and photodetectors, halide per-
ovskites (compared to other additive materials) offer attractive
possibilities as a filler to increase the performance of a
PENG.16–21 This is primarily because halide perovskites can act
as potent nucleating agents for PVDF due to their semicon-
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ducting and ionic properties, resulting in the transformation
of amorphous or nonpolar phases into polar-crystalline phases
with improved piezoelectric responses.22,23

Despite these apparent advantages, most research so far
has focused on lead-based halide perovskites,24–29 which are
detrimental to both human and environmental health due to
toxic lead components. At the same time, some lead-free tin-
based perovskites, despite their low toxicity, have shown
instability and oxidation issues.30 All-inorganic bismuth-based
halide perovskite materials, with a typical formula of A3Bi2X9

(A: Cs, X: I, Br, Cl), have drawn significant attention in the
development of improved lead-free perovskite materials due to
their superior power conversion efficiency, structural stability,
and low toxicity.31,32 Recently, Cs3Bi2Cl9, a bismuth-based per-
ovskite, has been reported in photodetection and CO2

reduction applications.33–35 In bismuth-based perovskites, Bi3+

has the advantage of having not only an electronic configur-
ation similar to Pb2+ but also a comparable ionic radius, and,
in fact, Cs3Bi2Br9 perovskite-derivates demonstrated high
photoluminescence quantum yields as well as moisture and
air stability.36 Extensive research is being done to enhance the
Cs3Bi2Br9-based device’s water retardancy, functionality, and
encapsulation in order to increase its working lifespan.
Mechanical energy harvesting or self-powered electronics is
desirable in this scenario, but the brittle nature of halide per-
ovskite, which might easily lead to material breakage during
mechanical deformations of wearable devices, presents yet
another obstacle to its practical application. Perovskites
demonstrate exceptional mechanical durability and flexibility
when combined with flexible PVDF polymer to create a homo-
geneous composite. The PVDF-halide perovskite composite
also offers an additional protective layer to prevent direct
contact between perovskites and the external atmosphere,
thereby significantly improving its mechanical properties and
overall stability.37 In general, the PVDF polymer exhibits four
distinct polymorphs: the α, β, γ, and δ phases. Due to their
dominant piezoelectric and ferroelectric properties, the semi-
polar γ (T3GT3G conformation) and the polar β (TTTT confor-
mation) phases are particularly significant for energy harvest-
ing.38 Compared to other phases, the β-phase has a larger
dipole moment per unit volume (enhanced electroactivity)
because its dipole moment is aligned perpendicular to the
central chain axis of the PVDF.39,40 Most previously documen-
ted approaches for making perovskite-PVDF composites are
impeded by the physical mixing approach, which frequently
results in aggregation in the polymer matrix leading to
reduced interfacial interaction between the constituents.41 In
situ strategies, on the other hand, provide good dispersion and
distribution of the constituent elements in the composite.
Direct integration of a well-dispersed nanostructure into a
polymer matrix is also possible using these approaches.42

Furthermore, the majority of studies on perovskite-based com-
posites have focused on photovoltaic applications, while only a
small fraction has investigated mechanical energy harvesting,
leaving ample scope for advancement in this area of poten-
tially affordable technology.43–45

In this study, we used an in situ chemical method to create
a composite film using PVDF and Cs3Bi2Br9 nanostructures at
ambient temperatures. The key features of this technique are
the relatively uncomplicated synthesis strategies along with a
high yield. The PVDF@Cs3Bi2Br9 composite is made in situ,
ensuring that the perovskite is evenly distributed throughout
the PVDF polymer matrix. When used as a filler, the Cs3Bi2Br9
perovskite facilitates substantial electroactive β-phase trans-
formation in the polymer matrix. Several weight percentages of
the perovskite were combined with the PVDF to fabricate the
optimized composite for energy harvesting applications.
Diffraction and spectroscopic studies were carried out to
assess the electroactive phase change with increasing perovs-
kite content in the composite. The electroactive phase in the
PVDF matrix could be enhanced beyond 85% in the optimized
PVDF@Cs3Bi2Br9 composite, which also exhibited butterfly-
shaped amplitude and phase loops. The device fabricated
from this optimized film demonstrated the highest energy har-
vesting capability among all the synthesized samples due to its
superior piezoelectric properties. The piezoelectric perform-
ance of the optimized composite is significantly better than
that of pristine PVDF. The enhanced piezoresponse in the
composites is explained in terms of the interaction between
the polymer and the perovskite surface terminations. The
interfacial interactions of PVDF molecules with Cs3Bi2Br9 per-
ovskite were demonstrated using the first principles density
functional theory (DFT) based calculations. The proposed
approach illustrates the potential of employing lead-free per-
ovskite-PVDF composites to obtain substantially increased
piezoresponse for high-performance energy harvesting devices
based on biomechanical motions.

2. Experimental
2.1 Chemicals and materials

Cesium bromide (CsBr), bismuth bromide (BiBr3), PVDF
pellets (Mw 275 000 g mol−1), Isopropyl alcohol (IPA), and Al
tape strip were procured from Sigma Aldrich, USA. On the
other hand, N,N-dimethyl formamide (DMF),
Polydimethylsiloxane (PDMS), and Acetone were obtained
from Merck, India.

2.2 Cs3Bi2Br9 synthesis

0.2 mmol bismuth(III) bromide (BiBr3) and 0.3 mmol Cesium
bromide (CsBr) were mixed in 2 ml of DMF and stirred for
45 minutes separately at room temperature. After that, both
solutions were added and left at room temperature for
12 hours under continuous stirring. The final solution was
then precipitated with 20 ml of IPA and centrifuged at 5000
rpm, after which the precipitate was left for 12 hours to dry in
vacuum.

2.3 In situ synthesis of Cs3Bi2Br9 in PVDF matrix

By mixing 0.3 mmol CsBr and 0.2 mmol BiBr3 into a 15 ml
DMF and PVDF solution, the in situ synthesis of Cs3Bi2Br9 on
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the PVDF matrix was realized. This mixture solution was
stirred for 12 hours at 60 °C. The resulting mixed solution was
then put onto a glass surface and Petri dish to create a uni-
formly thick coating. The glass substrate and Petri dish are
then placed in a vacuum oven set to 90 °C for 24 hours.
Finally, a clean tweezer was used to peel the in situ perovskite
PVDF composite films (IPPF) away from the substrate. Five
in situ composite films are coined as IPPF2, IPPF3, IPPF4,
IPPF5, and IPPF6, where the numeric suffix represents the
wt% of the perovskite in the composite. All the cast films were
further used for detailed characterizations and device appli-
cations. For device fabrication, we used 5 × 2 cm2 effective area
of the composite films. We applied aluminium foil tapes on
both sides of the nanocomposite films with an area of 4.8 ×
1.8 cm2. Between the nanocomposite and the aluminium foil
strip, copper wires were connected. Furthermore, the device
was encapsulated with PDMS and then heated in an electric
furnace at 70 °C until the PDMS hardened. The in situ nano-
generator (ING) device required the PDMS encapsulation to
prevent damage from repetitive mechanical excitations and to
make it water and dust resistant.16 Fig. 1 shows the schematic
representation of the in situ synthesis procedure.

3. Characterization

X-ray diffraction (XRD) measurement was performed at room
temperature using Cu-Kα radiation (λ = 1.5406 Å) on a
SmartLab Multipurpose X-ray diffractometer (Rigaku Corp.,
Japan). The UV-Vis absorbance spectrum was studied using a
UV-Vis NIR Carry 5000 Agilent spectrometer. NEXA base
Thermo Fischer Scientific X-ray photoelectron spectroscopy
(XPS) was used to determine the elemental composition and

the oxidation states of the prepared material. Field Emission
Scanning Electron Microscopy (FESEM) and Energy Dispersive
X-ray (EDX) spectroscopy were performed using Supra 35 VP
for microstructural and elemental analysis, respectively.
Fourier Transform Infrared Spectroscopy (FTIR)
(FTIR-Spectrum 2, PerkinElmer) was used to determine the
phase parameters of the samples. The piezoresponse force
microscopy (PFM) study was performed on an Asylum
Research AFM (MFP-3D BIO). Dielectric measurements were
made using an LCR spectrometer (HIOKI, model: IM 3536).
The RADIANT ferroelectric test apparatus (Radiant
Technologies Inc.) and Vision software were used to perform
the room-temperature ferroelectric measurement. A digital
oscilloscope (YOKOGAWA, DL 1640) was used to record the
piezoresponse.

4. Computational details

We have carried out DFT-based studies using the Quantum
Espresso software.46,47 The electron-ion interactions are
described with ultrasoft pseudopotentials48 for Bi, Br, C, and
F, while for Cs, we have used a norm-conserving pseudopoten-
tial.49 The following valence electron configurations were con-
sidered for the different species: Cs: 6s1, Bi: 5d106s26p3, Br:
4s24p5, C: 2s22p2, F: 2s22p5 and H: 1s1. The electron–electron
exchange and correlation potentials were treated within the
generalized gradient approximation (GGA) using the Perdew–
Burke–Ernzerhof (PBE) parametrization.50 The wavefunctions
and charge densities are expanded using a plane wave basis
set with a kinetic energy cutoff of 55 Ry (550 Ry) for the wave-
function (charge density). The Br ions being highly polariz-
able, van der Waals interactions are important for these
systems. Moreover, as shown later, van der Waals interactions
are also crucial for describing the PVDF-Cs3Bi2Br9 interface.
Since conventional DFT functionals do not include van der
Waals interaction, we have incorporated this using the semi-
empirical Grimme’s DFT-D2 correction.51 Brillouin zone (BZ)
integrations were done using Γ-centered Monkhorst–Pack
k-point mesh of (5 × 5 × 3) for bulk Cs3Bi2Br9 and shifted
k-point meshes of (10 × 3 × 6) for the β phase of PVDF, respect-
ively. To speed up the calculations, we have used a Marzari-
Vanderbilt smearing52 with a smearing width of 0.007 Ry.

In order to test the validity of our computational para-
meters, we have computed the lattice parameters of bulk
Cs3Bi2Br9 and the β phase of PVDF. Bulk Cs3Bi2Br9 crystallizes
in the trigonal P3m1 space group. Our computed lattice para-
meters of a = 7.72 Å and c = 9.53 Å are in excellent agreement
with the experimental values of 7.90 Å and 9.85 Å.53 For the β
phase of PVDF, our calculations yield lattice parameters of a =
2.57 Å, b = 8.26 Å, and c = 4.55 Å that are in reasonably good
agreement with the literature report.54

In order to study the interaction between the polymer and
the halide perovskite, we have considered the (0001) surface of
the latter. Cleaving the crystal along the [001] direction can
result in two possible terminations, namely, the CsBr3 and the

Fig. 1 Schematic representation of in situ fabrication of
PVDF@Cs3Bi2Br9 composite-based PENGs.
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Bi terminations (Fig. 2). While, in the former, the surface layer
of the (1 × 1) surface unit cell has one Cs and three Br, for the
latter, the Bi atoms form the surface layer. As a consequence,
some of the Cs and Br atoms of the layer below the Bi layer are
also exposed in the Bi termination. Each of these terminations
were modeled by symmetric slabs. For the CsBr3 (Bi) termin-
ation, the slab consists of 6 alternating CsBr3 and Bi layers (9
layers). Since we are using periodic boundary conditions, we
have used a vacuum of 25 Å along the direction perpendicular
to the slab to minimize the spurious interactions between the
periodic images. Moreover, for the (1 × 1) surface unit cell, we
have used a (5 × 5 × 1) k-mesh. A single strand consisting of
3 monomeric units of β-PVDF was placed on a (2 × 1) surface
supercell at different places to study the interaction of β-PVDF
with Cs3Bi2Br9. A single strand of the polymer, with one
monomer unit in the unit cell, has a periodicity of 2.58 Å.
Thus 3 monomeric units were placed along the shorter axis of
the surface supercell, resulting in a minimal compressive
strain of −0.26% on the PVDF strand.

5. Results and discussion

XRD and FTIR spectroscopy were performed for the character-
ization of the structural phases and quantification of electroac-
tive β-phase in the in situ grown composite films. Fig. 3(a)
shows XRD measurements of pure Cs3Bi2Br9, pure PVDF, and
the composite films with varying Cs3Bi2Br9 percentage
loading. Diffraction peaks corresponding to the PVDF and
Cs3Bi2Br9 are present in all the composite films (IPPF2, IPPF3,
IPPF4, IPPF5, IPPF6). With the increment in the Cs3Bi2Br9
loading into the PVDF matrix, the diffraction peaks of
Cs3Bi2Br9 become more pronounced. The characteristic diffrac-
tion peaks of the Cs3Bi2Br9 nanostructures at 2θ of 15.72°
(100), 18.02° (002), 22.28° (102), 27.2° (003), 31.7° (202), and
39.07° (212) indicate the formation of pure Cs3Bi2Br9 perovs-
kite with a hexagonal crystal structure in the PVDF matrix.
Fig. S1(a) in the ESI† shows the deconvoluted XRD peaks of
PVDF, which represent the α-, β-, and γ-phases in the bare

film. The characteristic peaks at 19.1° (020) and 20.2° (200)
confirm the presence of nonpolar α-phase and semi-polar
γ-phase in pure PVDF, respectively. Deconvoluted XRD peaks
of the composite films IPPF2, IPPF3, IPPF4, IPPF5, and IPPF6
are shown in Fig. S1(b), (c), (d), (e), and (f ) (please see ESI†),
respectively. From the variation in the relative intensities of
the peaks corresponding to the α- and the β-phases, it can be
concluded that the electroactive β-phase increases with an
increase in the perovskite loading into the PVDF at the
expense of the α-phase. The maximum amount of activated
β-phase was found for the IPPF4 sample. Beyond this, the
amount of polar phase shrinks as the perovskite loading
increases. Fig. 3(b) shows the FTIR measurements confirming
the nucleation of the electroactive β-phase in the
Cs3Bi2Br9@PVDF composite films. The FTIR spectrum of pure
PVDF reveals typical absorption peaks at 432 cm−1, 764 cm−1,
812 cm−1, 1150 cm−1, and 1233 cm−1, demonstrating the pres-
ence of nonpolar and semi-polar phases. The intensity of dis-
tinct absorption peaks corresponding to the nonpolar α-phase
is rapidly diminished with the addition of Cs3Bi2Br9 to the
PVDF matrix. On the other hand, the intensity of absorption
peaks related to the polar β-phase continuously rises with the
loading of perovskite in the PVDF matrix. The appearance of
sharp peaks at 468 cm−1, 840 cm−1, and 1279 cm−1 demon-
strates the formation of the polar β-phase in the composite
film. Fig. 3(c) shows the variation in the electroactive phase
percentage (FEA) as a function of perovskite loading.

The following formula is used to quantitatively analyze the
electroactive phase composition in the perovskite-PVDF com-
posite matrix:

FEA ¼ A840
K840

K764
A764 þ A840

� 100%;

where FEA is the electroactive phase fraction. A764 and A840 are
the absorption peak intensities at 764 cm−1 (non-electroactive

Fig. 3 (a) XRD profile, (b) FTIR spectra, and (c) the electroactive β-phase
percentage of the pure PVDF and the composite samples.

Fig. 2 Bulk structure of Cs3Bi2Br9 showing the stacking of the atoms
along the [001] direction. The red box shows the bulk unit cell in the a–
c plane. The black boxes show the CsBr3 and Bi layers.
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phase) and 840 cm−1 (electroactive phase), respectively. K764

and K840 are the absorption coefficients corresponding to the
peaks at 764 cm−1 and 840 cm−1, respectively, with values of
6.1 × 104 cm2 mol−1 and 7.7 × 104 cm2 mol−1. With 4 wt%
Cs3Bi2Br9 loading, the phase percentage reached >85%, more
than thrice as high as the pristine PVDF phase percentage
(25%). When the perovskite loading was increased by more
than 4 wt%, the nonpolar α-phase increased, possibly due to
perovskite aggregation in the PVDF matrix at higher loading.14

The FTIR spectrum in the range of 3050–2960 cm−1 in Fig. S2
(please see ESI†) clearly shows the interfacial interaction
between Cs3Bi2Br9 and the PVDF dipoles. The symmetric and
asymmetric –CH2– bond stretching absorption peaks at 2980
and 3023 cm−1 are crucial in understanding the generation of
electroactive phases via interfacial contact.14 The shift in the
vibrational peaks is indicative of interfacial interaction. Both
peaks are blue-shifted when comparing PVDF solely to compo-
site films, indicating an interaction between the perovskite
and PVDF dipole. The surface charge of Cs3Bi2Br9 interacts
interfacially with –CH2– and –CF2– dipoles. This interaction
promotes the preferred ordering of PVDF chains from α
(TGTG) to β (TTTT) phase, resulting in an increase in the per-
centage of electroactive β-phase in the PVDF matrix.14 The
–CH2– dipole’s effective mass rises due to the interfacial inter-
action, which lowers its vibrational frequency. As a result, this
interaction serves as a damping source. The angular frequency
of the –CH2– stretching vibration dipole under damped and
undamped conditions is correlated with the damping con-

stant. The amount of perovskite in the composite film raises
the value of the damping constants. It is worth noting that
under perovskite loading, the behavior of the electroactive
β-phase and the damping constant is similar, which indicates
a direct link between electroactive phase growth in the PVDF
matrix as a result of dipolar interaction with Cs3Bi2Br9.

38 The
amount of electroactive PVDF phase and the crystalline struc-
ture of the PVDF present in a PVDF-based composite film
govern the system’s piezoelectric capabilities.

The X-ray photoelectron spectroscopy (XPS) surface survey
scan of the IPPF4 film is depicted in Fig. 4(a). XPS analysis
validates the existence of Cs, Bi, Br, C, and F as the constituent
elements as well as their chemical states. All the spectra were
charge corrected by referencing the C 1s peak positioned at
284.75 eV. The prominent peaks at 723.23 and 737.19 eV in
Fig. 4(b) correspond to Cs 3d5/2 and Cs 3d3/2, respectively. This
indicates that the CsBr primordial reactant is not present in
the PVDF@Cs3Bi2Br9 composite fibers as-synthesized but is
instead introduced to the perovskite structure as a monovalent
ion.55 The Bi3+ state is represented by two peaks in Fig. 4(c)
that are indexed to the Bi 4f7/2 and Bi 4f5/2 core levels, respect-
ively, with energies of 158.17 eV and 163.53 eV.56 The two Br
3d peaks, ascribed to the 3d3/2 and 3d5/2 states, are visible in
the Br 3d spectrum (see Fig. 4(d)). In the composite film, the
Br 3d3/2 and 3d5/2 peaks are found at 66.97 eV and 67.85 eV,
respectively.57 The C 1s spectrum is deconvoluted into three
peaks at 284.17, 286.03, and 289.36 eV, as shown in Fig. 4(e).
The CH2 bond is responsible for the first two peaks, whereas

Fig. 4 (a) XPS surface survey; core level, (b) Cs 3d, (c) Bi 4f, (d) Br 3d (e) C 1s, (f ) F 1s spectra, (g) FESEM, (h) EDX spectra, and (i) EDX elemental
mapping of the IPPF4 film.
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the CF2 bond is associated with the third peak. Fig. 4(f ) illus-
trates the F 1s peak, which is symmetric at 686.61 eV. For the
composite IPPF4, C 1s and F 1s peaks are found to be shifted
towards higher binding energies, whereas the Cs 3d, Bi 4f, and
Br 3d peaks are shifted towards lower binding energies with
respect to the pristine PVDF and Cs3Bi2Br9 samples.58 Such a
shift in binding energies may be attributed to the production
of an internal electric field due to hybrid formation, which
substantially impacts the local binding energies of the base
materials.15 Fig. 4(g) displays a representative FESEM image of
the in situ synthesized IPPF4 composite film demonstrating
the presence of nearly uniform connected spherical structures.
Fig. 4(h) shows the EDX spectra, and Fig. 4(i) the EDX elemen-
tal mapping of the IPPF4 sample, affirming that the composite
film is indeed comprised of C, F, Cs, Bi, and Br and is homoge-
nously distributed with almost no impurities. Fig. S3 and S4
(please see ESI†) display the FESEM images and the EDX
mapping of the other composites.

The magnitude of the material’s piezoelectric coefficient
(d33) represents the ability of a piezoelectric material to trans-
form mechanical stress into electricity. The piezoelectric coeffi-
cient of a material significantly influences its piezoresponse.
In order to assess the piezoelectric features of the composite
with a 4 wt% perovskite loading, we used piezoresponse force
microscopy (PFM). The conductive tip served as one of the
electrodes during this PFM, with the applied electrical field
running parallel to the detected deformation. Fig. 5(a), (b),
and (c), respectively, show the obtained amplitude, phase, and
topography images in an area of 5 μm × 5 μm. With a bias
voltage of ±30 V, a butterfly-shaped amplitude loop [A(E)] was
seen in Fig. 5(d). The amplitude of this composite film (IPPF4)
reaches 425 pm (OFF state) over the ±30 V voltage range
without poling. The formula for determining the piezoelectric
coefficient is Adeflection = d33Eac. From this equation, the d33
value for IPPF4 was calculated to be 10 pm V−1. This value
exceeds that of other lead-free perovskites, such as NaNbO3 (4

Fig. 5 PFM response: (a) amplitude (b) phase image (c) topography (d) “butterfly” loop (e) phase hysteresis loop and (f ) piezoresponse loop obtained
with a DC voltage of ±30 V.
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pm V−1),59 and lead-based organic halide perovskites, such as
MAPbI3 (5 pm V−1).60 Table S1 (please see ESI†) shows the
piezoelectric coefficient (d33) values of different piezoelectric
materials for comparison.

Fig. 5(e) shows the phase response of IPPF4 when the bias
voltage is applied. Applying an external electric field makes it
possible to change the polarization upward or downward, as
shown by the rectangle-shaped hysteresis loop of IPPF4 com-
posite film, demonstrating 180° switching. The “OFF” state is
utilized for these experiments to reduce the impact of electro-
static interactions. Fig. 5(f ) depicts the calculated piezore-
sponse hysteresis loop using the equation: PR(E) = A(E) cos
[φ(E)].61,62 The resultant hysteresis loop is asymmetric, indicat-
ing a transition toward positive bias along the electric field
axis, which further suggests that the nanocomposite already
has a built-in field that encourages polarization in a particular
direction.63

Particularly in the context of designing energy storage
devices, the dielectric features of composite films are signifi-
cant. The dielectric constant value can estimate a material’s
charge-carrying capacity, and the dielectric loss (tan δ)
measures the energy dissipation (power loss) in each cycle.

The relative dielectric permittivity (εr) of bare PVDF and the
composite films at ambient temperature in the frequency
range of 50 Hz to 1 MHz is shown in Fig. 6(a), where we
observe that the εr values of the composite films are higher
than the pristine PVDF. Here, the permittivity value rises as
the amount of perovskite is increased, which may result from
increased interfacial interaction between the perovskite and
PVDF matrix. Furthermore, it is observed that in all the com-
posite films, the value of εr for IPPF4 is maximum and that a
perovskite loading of more than 4 wt% actually reduces the
relative permittivity due to agglomeration.64 In composite
materials, the higher dielectric constant can be explained by
the Maxwell–Wagner polarization. The PVDF matrix acts as an
insulating layer between the Cs3Bi2Br9 perovskite structures,
which results in a capacitor-like arrangement within the
matrix. This is very similar to the behavior of semiconductor
nanoparticles inside the polymer matrix, which work like
micro-capacitors leading to enhancement in the dielectric con-
stant and, consequently, the energy density of the polymer-
dielectric composites.65–67 Appreciable amount of charges is
held in PVDF@Cs3Bi2Br9 composite micro capacitors due to
the insulating layer’s attempt to stop the generation of high

Fig. 6 Variation of (a) dielectric permittivity, (b) loss factor (tan δ), (c) AC conductivity as a function of frequency. (d) P–E loop, (e) remanent and
maximum polarization (in μC cm−2), and (f ) energy loss, energy storage, and total energy densities of all the synthesized samples.
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leakage currents.68 The consequence is an increase in dielec-
tric permittivity.15 On the other hand, incorporating perovskite
into a hybrid raises the interfacial space charge, resulting in
increased space charge polarisation and a rise in the dielectric
permittivity (εr) value.

15 These two aspects influence the rela-
tive dielectric permittivity of the composite. As mentioned
earlier, if the perovskite value is increased by more than
4 wt%, the composite system agglomerates, which can cause
the insulating layer between the two perovskite structures to
disappear, resulting in the decrement of the capacitance value.
A drop in εr values for the hybrid composites is registered at
high frequencies. The relatively larger values of εr at low fre-
quencies can be explained by the existence of all four types of
polarizations, including ionic, electronic, interfacial, and
dipolar. In the applied frequency window, however, the εr
values are lowered at high frequencies due to the weakening of
the interfacial/space polarization.69

Fig. 6(b) depicts the variance in the dielectric loss (tan δ) as
a function of frequency. Pristine PVDF has a dielectric loss of
0.007 at 1 kHz, whereas hybrid films have a loss of 0.001 to
0.015 at the same frequency. The dielectric loss of all compo-
site films increases considerably beyond a frequency of 10 kHz
due to relaxation loss. It is noteworthy that the hybrid films
demonstrate such nominal dielectric loss for most of the inves-
tigated frequency range. Fig. 6(c) shows the AC electrical con-
ductivity of the samples. The composite films’ AC conductivity
is seen to increase on perovskite loading in the PVDF matrix.
The enhanced conductivity results in an overall increase in the
device’s output current. The DC conductivity is represented by
the plateau region of the AC conductivity at low frequencies.
The AC conductivity is also the highest for the IPPF4 sample.
Fig. 6(d) represents the P–E hysteresis loop of all the composite
films and the pure PVDF at an electric field window of ±16.5
kV cm−1 at room temperature and indicates the presence of
ferroelectric properties. The remanent polarization (Pr) value
for PVDF is 0.001 µC cm−2, which is significantly increased up
to 0.005 µC cm−2 in IPPF4. The values of maximum polariz-
ation for PVDF and IPPF4 are 0.025 µC cm−2 and 0.1 µC cm−2

under ±16.5 kV cm−1 electric field. Fig. 6(e) depicts the rema-
nent polarization and maximum polarization value of the
PVDF and all the composite films. This graph reveals that, out
of all the composite films, the IPPF4 composite film demon-
strates the highest value of remanent and maximum polariz-
ation, implying that the PVDF chain of the IPPF4 hybrid has
formed a larger dipole moment per unit volume. Compared to
composite films, the PVDF exhibits substantially lower satur-
ation and remanent polarization, suggesting lesser dipole–
dipole interaction.

Pure PVDF contains a significant amount of the nonpolar
α-phase with very low dipole moments, but the composite
films contain a greater proportion of electroactive β-phase with
larger dipole moments. Therefore, the hybrid system’s increas-
ing dipole moment ensures larger polarization values, which
are expected to result in increased piezoresponse. It makes
sense to assume that since the composite films’ effective per-
mittivity was enhanced by the Cs3Bi2Br9 addition, the stored

energy density (or discharged energy density) will also be
increased because of its dependence on the effective permittivity
(εr). PVDF-based composite films, on the other hand, do not
belong to the class of linear dielectric materials; they are non-
linear, where the energy density (U) of dielectric material is
given by U ¼ Ð

EdD, E being the electric field and D the dielec-
tric displacement. The stored energy density, energy loss
density, and total energy densities have been calculated by inte-
grating different parts of the D–E (P–E) loop (Fig. 6d).70 Fig. 6(f)
shows the calculated stored energy density, energy loss density,
and total energy density of pure PVDF and all composite films.

The PVDF@Cs3Bi2Br9 in situ composite films (with various
perovskite loading percentages in the PVDF matrix) were uti-
lized to fabricate flexible piezoelectric nanogenerators to
explore their substantial ferroelectric response. When calculat-
ing the piezo output voltages, an effective area of 5 × 2 cm2 of
the film was considered for the entire investigation. A refer-
ence nanogenerator (RNG) was built using only PVDF. The
labels for the other composite nanogenerators are ING2, ING3,
ING4, ING5, and ING6 where the numeric suffix with ING
denotes the wt% of perovskite. The piezoelectric output of
each device is assessed without the use of any additional elec-
trical poling. The instantaneous voltage (V) and current (I) of
each device upon hand hammering are shown in Fig. 7(a) and
(b). These figures also demonstrate the highest instantaneous
output voltage and current of the ING4 device, which are ∼40
V and ∼4.1 µA, respectively, under 25 kPa force. Under identi-
cal experimental conditions, the RNG’s output voltage and
current are only ∼6 V and ∼0.70 µA, respectively.

Fig. 7(c) displays the variations in the output voltage and
power density (P/A, where P is the generated power and A is the
effective electrode area) generated by the ING device over
different load resistances. As the load resistance increased, the
voltage gradually rose until it reached its maximum value at a
load resistance of 10 MΩ, beyond which it saturated.
Meanwhile, the power density of the devices dropped after
achieving the peak value. Using the formula P = V2/RA at 10
MΩ resistance, the maximum area power density ∼17.8 µW
cm−2 was determined. The current and voltage generated in
ING4 in the forward and reverse directions are almost identi-
cal, as shown in Fig. 7(d) and (e), which affirm that the signal
origin is predominantly piezoelectric in nature. Fig. 7(f ) shows
the DC output voltage of ING4, which shows that an output
voltage of about 40 V can be repeatedly achieved. Initially, the
dipoles of the piezoelectric nanogenerator are randomly
oriented. When pressure is applied to the nanogenerator, the
dipoles orient, creating a piezoelectric potential, and the posi-
tive and negative charges are accumulated at the electrodes to
counter the piezoelectric potential, resulting in the creation of
a positive voltage signal. On the other hand, when the pressure
is withdrawn, the dipole orientation is deformed. During the
deformation, the piezoelectric potential vanishes, and the
stored charge flows in the opposite direction, generating a
reverse or negative voltage signal.71,72

The in situ composite film-based ING was used to show the
usefulness of the device for harvesting biomechanical energy

Paper Nanoscale

11610 | Nanoscale, 2023, 15, 11603–11615 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 2
0 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/1

5/
20

25
 6

:1
1:

11
 A

M
. 

View Article Online

https://doi.org/10.1039/d3nr01517c


in daily life. Self-powered portable devices, as well as wearable
electronics, are being developed by scavenging energy from
various body movements, such as finger bending, wrist move-
ment, toe-tapping, heel pressing, walking, elbow movement,
jaw action, and bending. To demonstrate energy harvesting
from human biomechanical motions, the ING device was posi-
tioned accordingly at various places on the human body. Fig. 8

displays the piezoelectric output voltage generated by ING4 uti-
lizing different biomechanical motions. Here, the output
voltage is generated from wrist movement (∼4.5 V), elbow
movement (∼4.5 V), index finger movement (∼2 V), toe press-
ing (∼8 V), heel pressing (∼7 V), walking (∼12 V), finger
tapping (∼3 V), jaw movement (∼0.3 V), and hand punching
(∼15 V), to demonstrate a few with applied pressure of ∼2.1

Fig. 7 (a) Instantaneous output voltage (b) output current of RNG and different INGs due to hand hammering. (c) The output voltage and power
density of ING4 as a function of different load resistance. (d) Output current and (e) output voltage in forward and reverse connection. (f ) Rectified
voltage signal using a full-wave bridge rectifier circuit.

Fig. 8 Generated output voltage from ING4 during (a) wrist movement, (b) elbow movement, (c) index finger movement, (d) toe pressing, (e) heel
pressing, (f ) walking, (g) finger tapping, (h) jaw motion, and (i) hand punching.
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kPa, ∼2.4 kPa, ∼1 kPa, ∼4.2 kPa, ∼3.5 kPa, ∼6 kPa, ∼1.6 kPa,
∼200 Pa, ∼8 kPa, respectively. We also tested the performance
of the nanogenerator device under different humid conditions
from 50% to 95%. Fig. S5 (please see ESI†) demonstrates that
this device shows a very nominal change in the output voltage
even in very high humidity.

Numerous devices require high instantaneous output along
with quick charging and discharging at high voltages. The
ING4 device was linked to a capacitor via a bridge rectifier con-
figuration and put through biomechanical activity. Fig. 9(a)
shows the circuit diagram for this capacitor charging process.
Capacitor charging as a function of time for different capaci-
tors, namely, 10, 33, 47, and 470 μF, is shown in Fig. 9(b). This
fig also shows that a 10 µF capacitor could be fully charged
(∼0.22 V) by hand pressing in a relatively short time of 25
seconds. The formula Pout ¼ 1

2t CV
2, where Pout is the amount

of power stored, and C is the capacitance, was used to deter-
mine the power stored in the capacitor. V represents the
capacitor’s saturation voltage, and t represents the time it
takes to achieve that voltage. The estimated power stored in
the capacitor is 0.968 µW, sufficient to run small electronic
devices. The ING4 device was put through a fatigue test for up
to 10 000 cycles to probe long-term applications. A motorized
load was used to apply mechanical force in long-cycle oper-
ational tests (please see supplementary video VS1). The output
voltage across the nanogenerator is shown in Fig. 9(c) through
10 000 cycles. Despite the prolonged cycle operation, there is
no noticeable output voltage attenuation. Time stability is
shown to be up to six months in Fig. 9(d). The inset of
Fig. 9(d) and video clip VS2 (please see ESI video†) shows the
nanogenerator lighting several commercially available green
LEDs without having to use any additional power sources.
These findings show that the piezoresponse of the fabricated

nanogenerators is not drastically affected by moisture, seaso-
nal temperature fluctuations, or other factors. After 10 000
cycles of operation, the microstructure of the hybrid film
embedded in the device was examined using FESEM
microscopy and EDX mapping (please see Fig. S6 in ESI†).
Even after such extensive repeat operations, a thorough exam-
ination of the hybrid film using the FESEM reveals no notice-
able faults, fractures, or breaks. These studies support the
nanogenerator’s long-term reliability, durability, and efficiency
as an energy harvester in challenging conditions. To judge the
figure of merit of the optimized device, its performance as a
nanogenerator compared with other reported results is shown
in Table S2 (please see ESI†). This table indicates superior per-
formance by the ING4 device, which is comparable to/better
than other reported nanostructure-based piezoelectric devices.

In order to identify the interactions between PVDF and
Cs3Bi2Br9 that are responsible for the enhancement of the
piezoelectric response, we have performed DFT-based calcu-
lations. The different configurations of the polymer-perovskite
interface considered in our calculations are given in Table S3
of the ESI.† Fig. 10(a) and (b) show the lowest energy configur-
ations for the Bi and CsBr3 terminations, respectively. On both
these terminations, the polymer chain is oriented along the
a-axis, and both the H and F atoms of the polymer interact
with the perovskite layer. However, the interaction between the
polymer with Cs3Bi2Br9 is stronger for the case of Bi-termin-
ation compared to that with the CsBr3-termination (binding
energy of −2.13 eV per monomer unit for Bi-termination versus
−1.13 eV per monomer unit for CsBr3-termination). Further, to
understand the role of van der Waals interaction in stabilizing
the polymer on the surface, we have computed the binding
energies without incorporating the van der Waals interactions.
For this, we find the binding energies to be −0.44 eV and
−2.08 eV for Bi and CsBr3 terminations, respectively,
suggesting that while on CsBr3-termination, the binding of the
polymer to the perovskite is primarily due to van der Waals

Fig. 9 (a) Schematic of the capacitor charging process, (b) charging
curve of different capacitors through hand pressing, (c) long cycle
output voltage of ING4 for 10 000 cycles, (d) after 3 months and
6 months. The inset in (d) shows the image of glowing commercial
LEDs.

Fig. 10 The relaxed geometry and charge transfer of the (a) PVDF-Bi
termination and (b) PVDF-CsBr3 termination. The brown, magenta, tur-
quoise, and grey spheres represent the Br, Bi, Cs, and F atoms, respect-
ively. The C–H of PVDF is shown through the stick model. In (a) and (b),
the red (green) isosurfaces denote charge accumulation (depletion). The
isosurfaces are plotted for Δρ = 0.007 e− Å−3. The blue plot superim-
posed on (a) and (b) shows the planar average of the charge transfer.
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interaction, on Bi-termination the polymer is strongly chemi-
sorbed. The Bi-terminations promote the β-phase but are also
unstable compared to the weaker but relatively more stable
CsBr3-termination. This interplay of interactions, due to the
two different terminations, leading to polar phase activation in
the PVDF but at the expense of structural stability, can be a
plausible explanation of the agglomeration of the composite
beyond a specific loading volume of the perovskite; however,
this aspect needs further theoretical and experimental investi-
gations to have a clear understanding of the mechanism.

Further, we have also computed the charge transfer (Δρ(r))
due to the interaction between the polymer and the perovskite.
Δρ(r) is computed as:

ΔρðrÞ ¼ ρsurfaceþpolymerðrÞ � ρsurfaceðrÞ � ρpolymerðrÞ

where ρ(r) denotes the charge density at r. The first, second,
and third terms on the right-hand side of the above equation
are the charge densities of the composite (surface and
polymer), the surface in the same geometry as the composite,
and the polymer in the same geometry as the composite,
respectively. These are shown in Fig. 10(a) and (b) for the Bi
and CsBr3 terminations, respectively. The planar average of the
charge transfer is also shown in the same figure. While on the
Bi-termination (Fig. 10(a)), we observe charge accumulation
(red isosurfaces) and charge depletion (green isosurfaces) both
on the polymer atoms and the surface atoms of the perovskite,
on the CsBr3 termination (Fig. 10(b)) charge rearrangement is
observed only on the polymer atoms. We note that this is in
accordance with our analysis of the contributions to the
binding energies of the polymer on the two terminations,
according to which, for the latter termination, the polymer
and perovskite interact primarily through van der Waals inter-
action. Moreover, the planar average plot reveals that there is a
net accumulation of charge on the surface while a depletion
from the polymer.

To further quantify this, we have computed the Density
Derived Electrostatic and Chemical (DDEC6) charges73 on the
atoms of the composite. Summing up the DDEC6 charges on
all the atoms comprising the slab results in a net charge of
about 0.06 e− on the perovskite, which is localized on the
atoms interacting with PVDF, in accordance with the charge
transfer plots. We would like to emphasize that our obser-
vation of accumulation (depletion) of electron density on the
surface (PVDF) atoms, thereby making the surface negatively
charged and the PVDF positively charged, is in accordance
with the shifts in XPS peaks as mentioned in the earlier part
of the manuscript, where the C 1s and F 1s XPS peaks shift to
higher binding energy and the peaks corresponding to the Cs,
Br, and Bi atoms of the perovskite shifts to the lower binding
energy. This charge depletion and accumulation at the inter-
face results in surface dipoles pointing away from the surface
that augments the already existing polarization in the β-PVDF
polymer, resulting in the enhancement of the piezoelectric
effect.

6. Conclusion

To summarize, we have realized composite films based on PVDF
and Cs3Bi2Br9 structures to be used in piezoelectric nanogenera-
tors. A uniform distribution of Cs3Bi2Br9 on the PVDF polymer
matrix is produced when the composite is produced in situ, which
also enhances the electroactive beta-phase content. To study the
effect of perovskite loading on the overall features of the compo-
site, five distinct in situ PVDF@Cs3Bi2Br9 composite films were
fabricated, each with a subtle variation in the perovskite content.
In particular, the 4 wt% in situ grown composite exhibits an elec-
troactive phase activation of >85%. The same composite sample
with a d33 value of 10 pm V−1 displays prominent piezoelectric be-
havior in the form of an amplitude loop and phase loop shaped
like a butterfly. With an applied field of 16.5 kV cm−1, this film
also shows the best energy storage density of 0.8 mJ cm−3 and a
maximum polarisation of 0.1 μC cm−2. The prepared nanogenera-
tor based on this 4 wt% composite film produced an instan-
taneous output voltage of ∼40 V, an instantaneous current of
∼4.1 µA, and a power density of ∼17.8 μW cm−2 across 10 MΩ re-
sistance when repeatedly hammered by the human hand. The pro-
posed mechanism for the improved piezoelectric response is
established by DFT calculations, which show that the preferential
perovskite surface termination induced interfacial interactions
result in charge transfer, a consequence of which is the creation of
a surface dipole pointing away from the surface. This dipole aug-
ments the existing dipole in the β-PVDF matrix that promotes its
piezoelectric response. Due to its boosted piezoresponse, ING4,
the nanogenerator device based on the optimized composite,
demonstrated the highest energy harvesting performance follow-
ing repeated human hand hammering with an instantaneous
output voltage of about 40 V. The fabricated device was used to
charge capacitors and light up commercial green LEDs. The in situ
fabrication protocol of PVDF@Cs3Bi2Br9 composites could be
potentially used to replace other intricate and expensive manufac-
turing processes with prospective applications in mechanical
energy harvesting and motion sensing.
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