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Abstract: The growing demand for self-powered and flexible electronics has drawn attention to piezoelectric materials, capable of 
converting mechanical energy into usable electricity. Piezoelectric polymeric materials have gained significant attention due to their unique 
ability to generate electrical signals in response to mechanical deformation, 
coupled with their lightweight, flexible, and biocompatible nature. These 
features make them promising candidates for next-generation energy 
harvesting systems, especially in wearable technology, biomedical 
implants, and self-powered sensing devices. In this work, we studied the 
effect of incorporation of barium titanate (BTO) nanoparticles on the 
electrospun Polyvinylidene Fluoride (PVDF) and Polyvinylpyrrolidone 
(PVP) for energy harvesting properties. For this, we prepare a piezoelectric 
polymer (PVDF/BTO) and a non-piezoelectric polymer (PVP/BTO) 
nanocomposite and compare their energy harvesting properties. BTO 
nanoparticles were synthesized using a sol-gel method and dispersed in 
polymer matrices via electrospinning. Detailed structural, thermal, and 
dielectric characterizations were performed alongside electromechanical 
testing. Among the systems, the PVDF/BTO nanocomposite demonstrated 
the highest energy harvesting performance, delivering an output voltage of 
3.8 V, current of 2.1 µA, and power of 7.98 µW under cyclic mechanical 
stress. The PVP/BTO nanofibers, although a non-piezoelectric polymer, 
demonstrated a moderate output current (1.3 µA) and output voltage (2.4 V), revealing the influence of PVP's dipolar interactions, marking their 
promising auxiliary role in nanocomposite engineering. On comparison with a non-piezoelectric polymer matrix, there is an increase of 83% 
performance for PVDF/BTO nanocomposite. These results were attributed to enhanced β-phase formation and interfacial polarization of PVDF, 
facilitated by the BTO dispersion. This work illustrates the promise of interface-optimized hybrid nanofibers in enabling high-output, flexible 
nanogenerators for wearable and self-powered technologies.  
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1. Introduction  

The continuous advancement of wearable electronics, 
wireless sensors, and implantable biomedical devices has 
heightened the need for flexible and efficient energy 
harvesting systems. As the era of smart and wearable 
electronics unfolds, the necessity for compact, 
sustainable energy sources has become increasingly 
prominent. Traditional batteries, though widely used, 
suffer from inherent limitations such as limited cycle life, 
rigidity and environmental concerns upon disposal. To 
overcome these challenges, researchers have turned 
towards energy harvesting technologies, particularly 
those that can harness ambient mechanical energy via the 
piezoelectric effect.1 Hence, the piezoelectric energy 
harvesting has emerged as a promising approach due to 
its direct conversion of mechanical energy into electricity, 
even under low-frequency vibrations.  

The growing need for compact, flexible, and self-
sustaining electronic devices has garnered significant 
interest in developing piezoelectric nanogenerators 
(PENGs) using polymer nanofibers.2 With advancements 
in electrospinning techniques, it is now possible to 
fabricate high-aspect-ratio fibers with precise control over 
crystal alignment, while incorporating functional fillers like 
BTO, ZnO, and graphene oxide to greatly enhance energy 
conversion efficiency.3,4 Interestingly, recent research 
shows that even polymers without inherent piezoelectricity 
(non-piezoelectric polymer) can be engineered, either by 

introducing specially designed nanofillers or using 
advanced processing methods, to exhibit supplementary 
energy harvesting properties, which contribute to overall 
device performance.5,6 Together, these innovations are 
driving polymer-based nanogenerators toward becoming 
promising solutions for applications such as wearable 
electronics, biomedical implants, and environmental 
energy harvesting.7 Moreover, current reviews emphasize 
their scalability, multifunctional nature, and sustainability, 
making them strong contenders for next-generation 
energy devices.8 

Barium titanate (BTO), a lead-free perovskite ceramic, 
exhibits a high dielectric constant and intrinsic 
piezoelectricity, making it an ideal additive to enhance the 
electromechanical response of PVDF. Hence, 
incorporating BTO nanoparticles into polymer matrices is 
an effective strategy for substantially enhancing the 
dielectric performance, boosting polarization and energy 
conversion efficiency.9 Beyond dielectric improvement, 
BTO inclusion can also influence other critical material 
properties, including crystallinity, thermal conductivity, 
volume resistivity, rheological behaviour, curing 
characteristics, and mechanical strength.10 

Among various piezoelectric materials, Polyvinylidene 
Fluoride (PVDF) has gained considerable attention as a 
promising polymer for energy storage and conversion 
systems due to its notable electroactive properties and 
excellent chemical stability.11 In addition to its ferroelectric 
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and piezoelectric behaviour, PVDF is also biocompatible, 
which has led to its successful application in biomedical 
devices such as pacemakers and wearable health 
monitoring systems.12,13 Structurally, PVDF can crystallize 
into five distinct polymorphs-namely α, β, γ, δ, and ε- each 
exhibiting unique molecular conformations and physical 
properties. Among these, the β-phase is the most 
electroactive, characterized by an all-trans (TTTT) chain 
conformation that aligns the dipole moments in the same 
direction, thereby maximizing polarization. This makes β-
phase PVDF particularly valuable for use in high-
performance dielectric capacitors and piezoelectric 
devices.14 Consequently, extensive research has been 
directed toward enhancing the β-phase content in PVDF. 
One of the most effective strategies to achieve this 
involves the incorporation of functional fillers, forming 
composite systems that facilitate phase transformation 
while also improving interfacial polarization. This 
approach is widely adopted due to its simplicity, 
scalability, and ability to fine-tune the electrical properties 
of PVDF-based materials. However, its performance is 
often hindered by the presence of non-polar α-phases and 
insufficient interfacial activity. To address these 
drawbacks, ceramic fillers such as barium titanate (BTO) 
have been introduced into PVDF matrices.  

Again, Polyvinylpyrrolidone (PVP) has been utilized in 
this work, which serves a dual role as a non-piezoelectric 
polymer matrix and as a stabilizing agent to engineer BTO 
nanoparticles through an electrospinning route. Here, the 
electrospinning method has been utilized. This method 
not only eliminates the process of poling but also improves 
filler distribution and enhances dipole alignment, leading 
to improved electromechanical coupling.15 

The electrospinning method aids in the alignment of 
BTO nanoparticles and promotes their interaction with 

PVDF chains, which in turn facilitates the formation of the 
electroactive β-phase. Formation of β-phase is crucial for 
enhancing piezoelectric performance and energy 
harvesting efficiency. Likewise, when BTO is combined 
with PVP during electrospinning, it helps to produce 
uniform nanofibers with a high aspect ratio, resulting in 
improved energy harvesting performance. To 
systematically explore the influence of piezoelectric BTO 
on the energy harvesting abilities, electrospun polymer 
nanofiber composites were prepared with PVDF and PVP.   

In this work, we prepare a piezoelectric polymer 
(PVDF/BTO) and a non-piezoelectric polymer (PVP/BTO) 
nanocomposite and compare their energy harvesting 
properties. The BTO nanoparticles were synthesized using a 
sol-gel method and then uniformly dispersed in the polymer 
matrices through electrospinning. Structural, thermal, and 
dielectric characterizations were thoroughly carried out using 
techniques such as XRD, FTIR, and TGA/DSC. 
Electromechanical testing was also studied to assess their 
energy harvesting capabilities. A detailed analysis was 
conducted to examine the relationships among structure, 
interface, and output behaviour. This study offers valuable 
insights for designing next-generation, flexible, self-powered 
piezoelectric composites for efficient energy harvesting 
applications. 

2. Experimental and preparation procedure 

2.1 Materials  

Polyvinylidene fluoride (PVDF), Thermo Fisher Scientific, 
India, Mw = 180,000 g/mol), polyvinylpyrrolidone (PVP) (CDH, 
Mw = 40,000 g/mol), Barium acetate (Fisher Scientific, India, 
99%, Mw = 255.42 g/mol), titanium isopropoxide (Sigma 
Aldrich, India, 97%) were used as the raw materials for the 
synthesis of barium titanate (BTO) nanoparticles. HPLC grade 

 
Figure 1. Schematic representation of the (a) Synthesis of BTO nanoparticle (b) Fabrication of electrospun PVP, PVP/BTO, PVDF and PVDF/BTO 
nanofibers (c) Assembly of the flexible PENG and (d) Working principle of the nanogenerator under mechanical stress. 
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dimethylformamide (DMF, Spectrochem, India, 99%, Mw = 73 
g/mol) and acetone were procured from standard chemical 
suppliers (Sigma-Aldrich, India, 99%) and used without further 
purification. The DMF solvent was first purified by distillation, 
then treated using CaCl2, and finally passed through 4Å 
molecular sieves. The raw components were dissolved using 
Glacial Acetic acid (Qualigens Fine Chemicals, 99.5%) and 
ethanol (Qualigens Fine Chemicals, 98%). 

2.2 Synthesis of BTO Nanoparticles  

BTO nanoparticles were synthesized via a sol-gel 
method using barium acetate and titanium isopropoxide 
as precursors. 0.1 moles of barium acetate 
(Ba(CH3COO)2), was dissolved in glacial acetic acid, while 
titanium isopropoxide was separately dissolved in ethanol 
under stirring, as illustrated in Figure 1(a). The two 
precursor solutions were mixed dropwise and refluxed at 
60 °C for 3 hours.16 The resultant gel was dried at 100 °C 
and calcined at 900 °C for 3 hours, resulting in a white 
powder of highly crystalline BTO nanoparticles,17 as 
shown in the inset image in Figure 1(a). The BTO 
nanoparticles were thermally treated at 900 °C for 3 hours 
in a muffle furnace under ambient conditions. This step 
was crucial for eliminating any carbonaceous residues, 
such as acetate groups or solvent-derived residues, 
originating from the organic precursors (barium acetate, 
titanium isopropoxide, glacial acetic acid, and ethanol) in 
the sol-gel synthesis. The thermal treatment not only 
purifies the product but also helps to convert the initially 
amorphous material into a well-defined tetragonal 
perovskite structure, enhancing both the crystallinity and 
piezoelectric behaviour of the resulting BTO 
nanostructures.18 

2.3 Preparation of Electrospun PVP Nanofibers  

To fabricate neat PVP nanofiber via electrospinning, a 12 
wt% solution of polyvinylpyrrolidone was prepared by 
dissolving the polymer in a 1:1 volume ratio of ethanol and N, 
N-dimethylformamide (DMF). This mixture was stirred 
magnetically for about 6 hours to achieve complete dissolution 
and homogeneity. The final electrospinning solution was 
loaded into a 10 mL syringe fitted with a 21-gauge metallic 
needle. Electrospinning was carried out at an applied voltage 
of 18 kV, with a flow rate of 1.5 mL/hour and a working distance 
of 10 cm between the needle tip and collector. The nanofibers 
were collected on aluminium foil and vacuum-dried at 60 °C for 
12 hours to eliminate any residual solvents. 

2.4 Preparation of Electrospun PVP/BTO Nanofibers 

To prepare the electrospinning solution of PVP/BTO 
nanofiber, 0.0003 moles of PVP were first dissolved in a mixed 
solvent system comprising ethanol and DMF in a 4:1 volume 
ratio, followed by continuous magnetic stirring at room 
temperature for 3 hours until a homogeneous solution was 
obtained. Subsequently, 5 wt% of BTO nanoparticles were 
added into the PVP (12 wt%) solution and ultrasonicated for 30 
minutes to ensure uniform dispersion before electrospinning.19 
The solution was then loaded into a syringe and electrospun 
under an applied voltage of 18 kV with a flow rate of 1.5 
mL/hour and a tip-to-collector distance of 10 cm as depicted in 
Figure 1(b). The resulting nanofibers were collected on 
aluminium foil, which was deposited as a nonwoven mat and 
vacuum-dried overnight. 

2.5 Synthesis of PVDF Nanofiber 

Neat PVDF nanofibers were prepared using the 
electrospinning technique. The PVDF polymer, with an 
average molecular weight of approximately 180,000, was 
used.20 A uniform and viscous spinning solution was 
formulated using N, N-dimethylformamide and acetone, 
both of analytical grade. This solution was loaded into a 

10 mL syringe and electrospun with a needle-to-collector 
distance of 10 cm. The process was carried out under an 
applied voltage of 18 kV, with a controlled flow rate of 1.5 
mL/hour, with a rotating speed of 1100 rpm. 

2.6 Preparation of electrospun PVDF/BTO composite films  

For the composite variants, 5 wt% BTO nanoparticles were 
incorporated into the PVDF solution at concentrations of 12 
wt% and uniformly dispersed using ultrasonication to prevent 
agglomeration.21 

The prepared solutions were then subjected to 
electrospinning under optimized parameters. The 
electrospinning was performed by maintaining a 10 cm gap 
between the needle and collector, using an applied voltage of 
18 kV. The solution was steadily delivered at a flow rate of 1.5 
mL/h, while the collector rotated at a speed of 1100 rpm, the 
same as the process carried out for the synthesis of PVDF. The 
nanofibers were collected on a rotating drum to maintain 
uniformity in alignment and morphology. Finally, the 
electrospun films were thermally annealed at 80 °C for 2 hours 
to improve crystallinity and enhance phase formation in the 
PVDF matrix. 

2.7 Fabrication of a sandwich-type flexible device 

To fabricate the nanogenerator device, a 2 cm × 2 cm 
of electrospun nanofiber comprising either PVP/BTO or 
PVDF/BTO was sandwiched between conductive copper 
electrodes and encapsulated with PET films for 
mechanical robustness. Electrical connections were 
established by attaching copper wires to the electrodes 
using silver paste. To protect the device from 
environmental factors such as moisture and dust, the 
entire assembly was sealed with transparent Kapton tape, 
as shown in Figure 1(c). 

Figure 1(d) illustrates how the PENG operates. In its 
resting state-when no external pressure is applied, the 
dipoles within the piezoelectric layer are randomly 
arranged, and as a result, no electric potential is 
generated. Once a mechanical force is applied to the 
surface, these dipoles reorient in the direction of stress, 
causing a separation of charges and the development of 
an electric potential across the electrodes. To balance this 
potential, free charges from the external circuit flow toward 
the electrodes, creating a positive electrical output. When 
the pressure is removed, the dipoles gradually return to 
their initial, disordered orientation, causing the charge to 
flow in the opposite direction and produce a negative 
output signal.22 

2.8 Characterizations 

A series of advanced characterization techniques was 
employed to study the ceramic nanoparticles and 
polymer-based nanocomposite films. The Fourier 
Transform Infrared (FTIR) spectra were recorded using a 
Shimadzu IR-Prestige-21 instrument (Japan). The 
spectral range was 4000-400 cm-1 for the ceramics and 
4000-600 cm-1 for the nanocomposite films in ATR mode. 
X-ray diffraction (XRD) patterns were collected using a 
Rigaku MiniFlex600 diffractometer utilizing Cu-Kα 
radiation (λ = 0.154 nm) to determine the crystalline 
structure and phase identification. The dielectric constant 
of the ceramic samples as a function of a frequency-
dependent dielectric analysis ranging from 10 Hz to 10 
MHz, was performed using a Novo-control ALPHA ATB 
impedance analyzer, which also provided information on 
capacitance across frequencies measured using a HIOKI 
3532–50 LCR meter. For evaluating the surface 
topography and internal microstructure, a Sigma 300 field 
emission scanning electron microscope (FESEM) from 
Carl Zeiss, Germany, was used in conjunction with 
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energy-dispersive X-ray spectroscopy (EDS). A thin layer 
of platinum was sputter-coated onto the sample surfaces 
to enhance conductivity and imaging clarity. The thermal 
behaviour of the nanocomposites was studied using 
thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC), conducted with TA 
Instruments Q10 (USA) and Shimadzu DTG-60 (Japan), 
respectively. The tensile behaviour of PVP, PVDF, 
PVP/BTO and PVDF/BTO composites was investigated 
using a universal testing machine (UTM, Tinius Olsen 
Bench-Mounted, Model 5ST) operated at a crosshead 
speed of 5 mm/min. The energy-harvesting performance 
of the composites was evaluated using a precision Source 
Meter Unit (SMU), Keysight B2900B/BL Series (USA). 

3. Results and Discussion 

3.1 Interface interaction of BTO within the polymer 
nanofibers  

The schematic illustration shown in Figure 2 
represents the molecular-level interaction between BTO 
ceramic fillers and the β-phase PVDF polymer chains, 
which plays a crucial role in governing the piezoelectric 
response of the composite. PVDF is a polar polymer; its 
fluorinated backbone exhibits partial negative and positive 
charges. These charges are influenced by the electric field 
of the ferroelectric BTO particle. The electrostatic 
attraction between BTO’s surface charges and PVDF’s 
dipoles helps align the polymer chains into the 
energetically favourable β-phase during electrospinning.9 
Hydroxyl groups (-OH) commonly exist on the surface of 
BTO nanoparticles due to exposure to ambient conditions 
or synthesis in aqueous media.23 These surface -OH 
groups can enhance interfacial interactions with polar 
polymer chains such as PVDF or PVP. Apart from 
electrostatics, dipole-dipole interactions arise between the 
permanent dipoles of PVDF and the polarized surface of 
BTO. This interaction promotes local ordering and 
facilitates conformational transition from α or γ phase to 
the electroactive β-phase. These interactions strengthen 

the local polarization field, leading to improved 
piezoelectric properties in the final nanocomposite. 24 

 The surface of BTO features positively charged TiO3 

groups, which are naturally attracted to the negatively 
charged -CH2 groups in PVDF. The filler acts as a 
nucleating center that influences the surrounding polymer 
chain arrangement.25 This attraction encourages the 
PVDF chains to shift from their usual non-polar α-phase to 
the more desirable polar β-phase. The coloured atoms 
(fluorine in green, hydrogen in grey and carbon in black) 
represent the backbone of PVDF, emphasizing the dipolar 
character of each repeating unit (-CH2-CF2-).26 The β-
phase is important because it has a higher dipole moment, 
which greatly improves the material’s piezoelectric and 
dielectric properties. However, to fully benefit from this 
effect, BTO nanoparticles must be evenly dispersed 
throughout the PVDF. As a result, the composite contains 
more β-phase PVDF, leading to a higher dielectric 
constant and a stronger piezoelectric response than pure 
PVDF alone.  

3.2 X-ray Diffraction (XRD) Analysis  

The crystalline structure and phase identification of the 
composite systems were examined using XRD. The sharp 
and distinct peaks observed at 2θ values of 31.5°, 38.9°, 
and 45.3° confirmed the presence of the tetragonal phase 
of BTO in all composite samples, indicating the successful 
retention of its perovskite structure during processing. In 
the case of neat PVDF and PVDF/BTO composites, a 
prominent diffraction peak around 20.6° was observed, 
which corresponds to the (110)/(200) planes of the 
electroactive β-phase. The inclusion of BTO nanoparticles 
clearly enhanced the β-phase content, as evidenced by 
the intensified peak at 20.6°. Meanwhile, PVP/BTO 
nanofibers exhibited relatively broadened peaks, a feature 
typically associated with nanoscale crystallinity and 
reduced grain size due to electrospinning-induced 
confinement effects.27  

 
 

Figure 2. A schematic illustration of the interfacial interaction mechanism between β-phase PVDF chains and BTO fillers. 
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Figure 3(a) shows the comparative X-ray diffraction 
(XRD) patterns of neat PVDF and PVDF/BTO 
nanocomposite fibers recorded in the 2θ range of 10° to 
80°. The neat PVDF sample exhibits a broad diffraction 
peak around 2θ ≈ 20.6°, which is a characteristic 
fingerprint of the β-phase of PVDF. This polar phase is 
known for its piezoelectric and ferroelectric properties, 
crucial for energy harvesting applications. In contrast, the 
PVDF/BTO composite displays a set of sharp and well-
defined peaks in addition to the β-phase peak of PVDF. 
These new peaks correspond to the perovskite structure 
of BTO with major reflections observed at 22.1° (100), 
31.6° (110), 38.9° (111), 45.3° (200), and 51.1° (210) 
planes.28 The incorporation of BTO not only introduces its 
intrinsic crystalline peaks but also slightly enhances the 
intensity and sharpness of the β-phase peak in PVDF, 
suggesting a synergistic effect that may help to stabilize 
the polar β-phase. The PVDF/BTO sample shows a 
relatively sharper and more intense β-phase peak 
compared to pure PVDF, which indicates improved phase 
crystallinity, likely induced by the nucleating effect of BTO 
nanoparticles. These ceramic fillers can act as nucleation 
center, facilitating the alignment of PVDF chains into the 
all-trans conformation required for β-phase formation.29 

The neat PVP spectrum [Figure 3(b)] exhibits a broad 
and featureless halo centred around 20°, which is 
characteristic of its amorphous nature. This diffused 
pattern confirms the absence of any long-range order or 
crystalline domains in the pristine polymer matrix. 

In contrast, the XRD pattern of the PVP/BTO 
composite [Figure 3(b)] displays a series of sharp and 
well-defined peaks, which can be unambiguously 
attributed to the crystalline phase of BTO. The most 
intense diffraction peak observed at 2θ ≈ 31.5°, along with 
additional reflections at 22.1°, 38.9°, 45.3°, 50.7°, and 
56.2°, correspond well to the (100), (110), (111), (200), 
(210), and (211) planes, respectively, of the tetragonal 
perovskite BTO phase. The presence of these peaks 
confirms that the BTO nanoparticles retained their 
crystalline integrity even after incorporation into the PVP 
matrix via electrospinning. 

Notably, the absence of any new peaks or significant 
shift in peak positions in the composite pattern indicates 
that no chemical interaction or phase transformation 
occurred during the fabrication process. Instead, the BTO 
crystallites appear to be physically embedded within the 
amorphous PVP network. The dominance of BTO peaks 
in the composite further suggests that the ceramic filler 
contributes prominently to the structural features of the 
hybrid nanofibers, while the PVP component serves 
primarily as a flexible polymeric support. 

This result signifies successful fabrication of a hybrid 
nanocomposite where the functional inorganic BTO phase 
is well-dispersed within an amorphous polymer matrix, 
preserving its crystallinity and, by extension, its 
piezoelectric functionality.  

The crystallite size of PVP/BTO and PVDF/BTO was 
calculated using the well-known Debye-Scherrer’s 
equation (Eq. 1) and is shown in Table 1. 

 

                                                                                                                                                         
(1) 

 

Where D is the average crystallite (nm), k is Scherrer’s 

constant, typically taken as 0.9,  is the wavelength of the 

X-ray source used (0.154 nm),  is the full width at half 
maximum (FWHM) of the diffraction peaks (radians), and 

 is the Bragg angle corresponding to the peak position 
(radians). The average crystallite size for PVDF 
corresponds to 7.58 nm, for PVP/BTO is 27.4 nm and for 
PVDF/BTO is 32.5 nm, respectively.  

Overall, the XRD results validate the successful 
incorporation of BTO within the PVDF matrix and its role 
in promoting the desirable β-phase for piezoelectric 
performance. 

3.3 Fourier Transform Infrared Spectroscopy (FTIR) 
Analysis 

 
 

Figure 3. (a) X-ray diffraction patterns of PVDF and PVDF/BTO nanocomposite fibres showing distinct peaks of BTO and the β-phase of PVDF, and (b) XRD 

pattern of PVP/BTO and PVP. 
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FTIR spectroscopy was employed to quantify and 
compare the β-phase content in the polymeric and 
composite nanofibers. The characteristic β-phase 
absorption bands near 840   cm-1 were distinctly visible in 
all samples. The fractional β content (F(β)) was acquired 
from FTIR using Eq. 2. In neat PVDF, the β-phase content 
was estimated to be approximately 60%, reflecting the 
baseline polarization of the polymer.30 Upon embedding 5 
wt% BTO nanoparticles, the β-phase fraction increased 
significantly to around 85%, suggesting that the ceramic 
fillers enhanced dipole orientation and induced a more 
ordered ferroelectric domain alignment, as it was 
summarized in Table 2.  

 

F(β)=
𝐴𝛽

1.3𝐴𝛼 + 𝐴𝛽
 × 100           (2) 

Where F(β) represents the fraction of the β-phase present in 

the sample, 𝐴𝛽 which corresponds to the infrared absorption 

intensity at 841 cm-1 (associated with the β-phase), and 
𝐴𝛼 refers to the absorption at 769 cm-1, which is characteristic 

of -phase. 

The FTIR spectra presented in Figure 4(a) confirm the 
successful incorporation of BTO nanoparticles into the 
PVDF matrix. In the case of PVDF and PVDF/BTO, 
characteristic absorption bands associated with the β-
phase of PVDF were clearly observed at 1404 cm-1, 1072 
cm-1, and 841 cm-1. These bands, corresponding to CH2 
bending and CF2 stretching vibrations, became more 
prominent upon the incorporation of BTO, indicating an 
enhancement in β-phase content. Such enhancement is 
typically attributed to the nucleating effect of the ceramic 
filler, which promotes the all-trans conformation of PVDF 
chains. Additionally, a reduction in the O-H stretching 
intensity around 3400 cm-1 in the composite suggests 
potential hydrogen bonding or interaction between 
residual -OH groups in PVDF and surface oxygen atoms 
of BTO. Neat PVDF displays characteristic absorption 
bands at 840 cm-1 and 1275 cm-1, which correspond to the 
β-phase (all-trans conformation), crucial for piezoelectric 

behaviour.31 A prominent peak at 1404 cm-1 further 
supports the β-phase dominance. In the composite 
(PVDF/BTO), these peaks become more defined and 
intense, indicating enhanced β-phase content due to the 
nucleating effect of BTO. Similarly, the FTIR spectrum of 
pure PVP-displayed distinct absorption peaks at 3435 cm-

1 (O-H stretching), 2950 cm-1 (C–H stretching), and a 
sharp band at 1660 cm-1 corresponding to the carbonyl 
stretching (C=O) of the pyrrolidone ring [Figure 4(b)]. 
Upon introduction of BTO nanoparticles, the carbonyl 
peak broadened and exhibited a slight red shift, 
suggesting strong intermolecular interactions-likely 
coordination between the carbonyl group and Ba2+/Ti4+ 

ions. Furthermore, a new broad band appeared in the 500-
600 cm-1 range, which can be ascribed to Ti-O stretching 

Table 1.  Crystallite size of all three samples (PVP/BTO, PVDF/BTO and PVDF) calculated using Scherrer’s equation. 

PVP/BTO PVDF/BTO PVDF 

2𝜽 (hkl) 
FWHM 

(Radian) 
Crystallite size 

(nm) 
2𝜽 (hkl) 

FWHM 
(Radian) 

Crystallite size 
(nm) 

2𝜽 
FWHM 

(Radian) 
Crystallite size 

(nm) 

22.1 

31.5 

38.8 

45.3 

50.9 

56.2 

65.8 

70.3 

75.0 

79.4 

(100) 

(110) 

(111) 

(200) 

(210) 

(211) 

(220) 

(300) 

(310) 

(311) 

0.27 

0.23 

0.18 

0.45 

0.41 

0.33 

0.38 

0.36 

0.34 

0.63 

29.3 

35.8 

45.0 

18.7 

21.2 

26.9 

24.7 

27.0 

29.4 

16.23 

23.0 

31.0 

38.4 

44.8 

50.5 

56.7 

65.4 

70.5 

75.7 

78.9 

(100) 

(110) 

(111) 

(200) 

(210) 

(211) 

(220) 

(300) 

(310) 

(311) 

0.17 

0.25 

0.19 

0.35 

0.38 

0.26 

0.43 

0.27 

0.21 

0.66 

47.1 

32.0 

42.7 

24.5 

22.9 

34.7 

21.5 

36.0 

47.9 

15.5 

8.60 

20.12 

35.37 

35.81 

40.26 

56.17 

4.60 

1.95 

1.10 

0.60 

0.57 

2.74 

1.73 

4.12 

7.58 

13.9 

14.8 

3.29 

Table 2. Summary of phase composition based on FTIR and XRD analysis for PVDF and PVDF/BTO. 

Sample FTIR Peaks (cm⁻¹) Phase Identified (FTIR) XRD Peak (2θ°) Phase Identified (XRD) β-Phase Content (%) 

PVDF 840, 1275, 1404 β-phase dominant 20.6 β-phase  60 

PVDF/BTO 840, 1275, 1404 (enhanced) Strong β-phase 22.1, 31.6, 45.3 BTO + enhanced β-PVDF >85 

 

 
 
Figure 4. FTIR spectra of (a) neat PVDF and PVDF/BTO nanocomposite 

showing prominent -phase peaks and (b) PVP and PVP/BTO. 
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vibrations from the perovskite lattice of BTO. These 
spectral changes confirm successful incorporation of the 
ceramic phase and support the existence of robust 
interfacial interactions between PVP chains and BTO 
particles, which could contribute to the improved dielectric 
and electromechanical behaviour observed in the 
composite system.32 This further confirms the composite 
formation and polymer-ceramic interactions.  

3.4 Morphological Analysis 

To investigate the surface morphology and fiber 
structure of the electrospun nanocomposites, FESEM 
analysis was employed. This high-resolution imaging 
technique provides detailed insights into the fiber 
diameter, uniformity, and nanoparticle dispersion within 
the polymer matrix. It is particularly valuable for evaluating 
the influence of ceramic fillers, such as BTO, on the 
electrospinning behaviour and nanostructure formation. 
The obtained micrographs help assess the effectiveness 
of nanoparticle integration and its correlation with the 
composite’s functional performance. PVP/BTO fibers 
depicted homogeneous BTO distribution, while 
PVDF/BTO composites exhibited rougher textures due to 
embedded ceramic particles.33 Figure 5 (a-c) displays the 
FESEM micrographs and corresponding fibre diameter 
distribution histograms. All samples were electrospun 
under optimized conditions to ensure uniform fiber 
formation. Figure 5(a) shows that the BTO nanoparticles 
were evenly distributed throughout the fibers, indicating a 
uniform and well-blended composite structure.34 The 
average fiber diameter for PVP/BTO was approximately 

348 nm, exhibiting a relatively broad distribution, which 
could be attributed to the incorporation of ceramic 
nanoparticles within the polymer matrix. This 
homogeneous dispersion is important because it ensures 
consistent properties across the material. In contrast, neat  

PVDF fibers [Figure 5(b)] showed the thinnest and 
most uniform distribution with an average diameter of 234 
nm, indicating smooth jet formation during 
electrospinning. This smooth morphology is typical for 
pure polymer nanofibers and serves as a useful reference 
point for comparing the effects of adding ceramic particles 
to the composite. Figure 5(c) illustrates the FESEM image 
of PVDF/BTO composite fibers, which revealed a 
noticeably rougher surface compared to the other 
samples. This increased roughness is directly linked to the 
presence of ceramic BTO particles, which are embedded 
within the polymer matrix. The mean diameter observed 
for the PVDF/BTO was 311 nm, slightly higher than neat 
PVDF. These particles disrupt the smooth surface of the 
PVDF fibers, resulting in a more textured appearance. 
Such surface roughness can influence the mechanical 
and functional properties of the fibers, potentially 
enhancing their performance in certain applications.  

The EDS spectrum of the PVP/BTO nanofibers was 
depicted in Figure 5(d). The corresponding elemental 
composition reveals dominant peaks for Ba (46.3 wt%), Ti 
(8.0 wt%), and O (21.7 wt%), confirming the presence of 
BTO in the composite. The presence of carbon (24.0 wt%) 
is due to the PVP polymer, and the high atomic 
percentage of carbon (51.8%) supports the organic-rich 

 

 
Figure 5. FESEM images and corresponding fiber diameter distribution histograms of (a) PVP/BTO, (b) PVDF, and (c) PVDF/BTO nanofibers (d) EDS spectrum 

and elemental composition (weight % and atomic %) of PVP/BTO nanofibers confirming the presence of Ba, Ti, O, and C (e) EDS spectrum and elemental 
composition of PVDF/BTO nanofibers, highlighting the inclusion of BTO along with fluorinated PVDF matrix (f) Comparative bar graph of average fiber diameters 
for PVP/BTO, PVDF, and PVDF/BTO nanofibers. 
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composition of the matrix. Figure 5(e) represents the EDS 
spectrum for PVDF/BTO nanofibers. The elemental 
composition confirms the successful inclusion of BTO, 
evident from Ba (12.6 wt%) and Ti (3.1 wt%), though at a 
significantly lower concentration compared to the PVP-
based composite. The dominant presence of fluorine 
(44.6 wt%) corresponds to the PVDF matrix, which also 
contributes C (20.4 wt%) and O (1.7 wt%). The higher 
atomic percentage of F (53.4 wt%) reaffirms the 
fluoropolymer backbone of PVDF. 

Figure 5(f) compares the average fiber diameters of 
the three nanofiber systems: PVP/BTO (348 nm), PVDF 
(234 nm), and PVDF/BTO (311 nm). The graphical 
representation underscores how the addition of BTO 
nanoparticles affects fiber morphology, with composites 
exhibiting higher average diameters compared to neat 
PVDF, consistent with increased solution viscosity and 
particle-polymer interactions during electrospinning. 

Hence, the FESEM observations confirmed the 
successful fabrication of uniform, bead-free electrospun 
nanofibers across all sample systems. Neat PVDF 
exhibited the smallest and most consistent fiber diameter, 
while the inclusion of BTO nanoparticles in both PVP and 
PVDF matrices resulted in slightly thicker fibers due to 
increased viscosity and nanoparticle-polymer 
interactions. Among all, PVDF/BTO composites showed 
well-dispersed ceramic particles within the fibrous matrix, 
indicating strong filler-matrix compatibility and effective 
electrospinning. These morphological features are 
expected to enhance the composite's dielectric and 
piezoelectric performance. 

3.5 Thermal Behaviour (TGA and DSC Analysis) 

The thermal behaviour of the fabricated polymer-
ceramic composites was thoroughly examined via DSC 
and TGA, which are essential tools for understanding 
polymer crystallization, degradation, and overall thermal 
stability. Additional relaxation peaks in the composite 
samples were indicative of enhanced crystallinity and 
improved phase distribution upon ceramic integration. 

DSC thermograms shown in Figure 6(a) reveal key 
transitions associated with the melting and degradation 
processes of the individual and the thermal behaviour of 
PVP/BTO, PVDF, and PVDF/BTO composite systems, 

respectively. The PVP/BTO [Figure 6(a)] shows a broad 
endothermic peak between 400-800 °C, likely due to 
degradation of PVP and loss of absorbed water.35,36 The 
PVP/BTO composite displayed a broader melting region 
at a slightly lower temperature range, characteristic of the 
semi-amorphous nature of PVP and its interaction with 
BTO. In neat PVDF, an endothermic peak appears around 
170-180 °C, corresponding to its melting transition (Tm) 
related to the α-phase crystallinity. Incorporation of BTO 
nanoparticles within PVDF leads to a slight shift in Tm and 
a broader transition range, suggesting increased 
interaction at the filler-matrix.37,38 The PVDF/BTO 
composite demonstrates enhanced thermal resistance 
and heat absorption, attributed to heterogeneous 
nucleation facilitated by ceramic particles, which is 
concordant with earlier findings,39 it also shows a similar 
melting transition, but with slightly increased enthalpy and 
broader profile, suggesting an improved crystallization 
behaviour due to BTO acting as a heterogeneous 
nucleation site. 

Thermogravimetric analysis revealed that all samples 
are thermally stable, affirming their suitability for practical 
applications involving elevated temperatures. TGA 
thermograms of the three samples are demonstrated in 
Figure 6(b). Neat PVDF exhibits two-step degradation 
behaviour between 400-600 °C, typically attributed to 
chain scission and complete thermal decomposition.9 The 
addition of BTO significantly altered the degradation 
profile. 

The PVDF/BTO composite shows improved thermal 
stability compared to neat PVDF, likely due to the barrier 
effect of the dispersed ceramic particles, which retarded 
thermal degradation, also retaining more mass at higher 
temperatures, indicating the thermal shielding effect of 
BTO nanoparticles. The composite exhibits enhanced 
thermal stability (two-step thermal degradation), 
characterized by a delayed onset of degradation and a 
residue of nearly 60% at 600 °C. The residual weight 
indicates the presence of thermally stable BTO that 
enhances char formation and limits volatile evolution.30,40 
On the other hand, the PVP/BTO composite shows the 
earliest onset of weight loss due to the relatively lower 
thermal stability with decomposition of PVP and surface-
absorbed moisture, with final residue consistent with 
ceramic content, yet retains more mass above 700 °C, 

 

 
Figure 6. DSC thermograms of (a) PVP/BTO, PVDF, PVDF/BTO, and TGA profiles of (b) PVP/BTO, PVDF and PVDF/BTO. 
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which is likely due to the ceramic support structure and 
possible synergistic effects during combustion.41,42  

These results confirm that BTO incorporation 
enhances both thermal and phase stability of the PVDF 
matrix, supporting its use in energy harvesting devices 
where heat resistance and structural integrity are crucial. 

3.6. Mechanical Properties 

Mechanical properties of the nanofibers were 
evaluated through tensile strength, elongation at break, 
and Young’s modulus as illustrated in Table 3. Neat PVP 
displayed the lowest tensile strength (1.24 ± 0.39 MPa) 
and modulus (17.1 ± 5.19 MPa) with limited elongation 
(11.4 ± 0.72%), reflecting its flexibility but weak 
mechanical stability. In contrast, neat PVDF exhibited 
higher tensile strength (7.17 ± 1.11 MPa) and elongation 
(54.4 ± 23.8%) due to its semi-crystalline nature and 
stronger intermolecular interactions, resulting in greater 
stiffness (28.0 ± 2.18 MPa). 

Adding BTO to PVP (PVP/BTO) moderately improved 
strength (2.79 ± 0.42 MPa) and stiffness (23.2 ± 9.93 
MPa) but reduced elongation (5.90 ± 0.38%), as the rigid 
filler restricted chain mobility and increased brittleness. 
PVDF/BTO showed the most balanced performance, with 
tensile strength rising to 12.6 ± 2.60 MPa, modulus to 35.8 
± 8.26 MPa, and elongation improving to 60.6 ± 8.16%. 
These indicate uniform filler dispersion, strong interfacial 
adhesion, and effective stress transfer, while optimal filler 
loading and enhanced β-phase formation preserved chain 
flexibility and delayed crack propagation, yielding superior 
mechanical resilience.  

The observed enhancement in elongation at break can 
be attributed to several synergistic effects. Firstly, well-
dispersed BTO nanoparticles can act as stress transfer 
bridges, redistributing the applied mechanical load more 
uniformly throughout the PVDF matrix. This prevents 
premature crack initiation and propagation, allowing the 
polymer chains to undergo higher deformation before 
failure.43 Secondly, BTO incorporation may induce β-
phase formation in PVDF due to strong interfacial 
interactions between the ceramic surface and the polymer 
chains, leading to an increase in chain alignment and 
flexibility under tensile loading.44 Moreover, at optimal filler 
content, BTO particles can restrict localized plastic 
deformation but still allow segmental chain mobility, 
creating a balance between stiffness and flexibility. 

In Figure 7(a), the stress–strain curve of PVDF/BTO 
shows a distinct balance of high tensile strength (12.6 
MPa) and ductility (60.6% strain), indicating its ability to 
withstand large deformations before failure. The initial 
steep slope reflects elastic deformation, where stress is 
effectively transferred from PVDF chains to rigid BTO 
nanoparticles, enhancing stiffness. With increasing strain, 
the smooth, continuous rise without abrupt drops signifies 
stable plastic deformation and strong interfacial adhesion, 
which minimizes crack initiation and enables efficient 
energy dissipation.  

Figure 7(b) illustrates these trends, with tensile 
strength increasing from PVP to PVDF, and peaking in 
PVDF/BTO composites 75% higher than neat PVDF and 
over nine times higher than PVP, which is attributed to 
strong matrix–filler interactions enabling efficient stress 
transfer. Error bars represent standard deviations, 
confirming the reproducibility of results. 

Such a mechanical profile, combining exceptional 
strength and stiffness with dimensional stability, makes 
these nanocomposites promising for high-performance 
applications, including flexible piezoelectric devices, 
structural reinforcements, and sensors where robust load-
bearing capacity is essential. 

3.7. Dielectric and Impedance Analysis 

The dielectric response of the materials was 
examined over a wide frequency range, which is also a 
crucial tool for assessing the energy storage capabilities 
and polarization behaviour of polymer-based composites. 

Table 3. Summary of Tensile strength (MPa), Elongation at break (%) and Young’s Modulus (MPa) for PVP, PVDF, PVP/BTO and 
PVDF/BTO nanofiber films. 

S.No. Sample Tensile strength (MPa) Elongation at break (%) Young’s Modulus (MPa) 

1. PVP 1.24 ± 0.39 11.4 ± 0.72 17.1 ± 5.19 

2. PVDF 7.17 ± 1.11 54.4 ± 23.8 28.0 ± 2.18 

3. PVP/BTO 2.79 ± 0.42 5.90 ± 0.38 23.2 ± 9.93 

4. PVDF/BTO 12.6 ± 2.60 60.6 ± 8.16 35.8 ± 8.26 

 

 

 
 
Figure 7. (a) Stress–strain behaviour of the PVDF/BTO nanocomposite 

and (b) Tensile strength values of neat PVP, neat PVDF, PVP/BTO and 
PVDF/BTO nanocomposites. 
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Figure 8 illustrates the dielectric constant (ε) and 
dielectric loss (tan δ) as functions of frequency for PVDF, 
PVP/BTO and PVDF/BTO composites. As observed in 
Figure 8(a), the dielectric constant for all samples 
decreases with increasing frequency, which is a typical 
dielectric dispersion phenomenon. At low frequencies 
(101-103 Hz), the polarization due to charge accumulation 
at interfaces (Maxwell-Wagner-Sillars effect) is more 
prominent, leading to higher dielectric constant values.45,46 
The PVDF/BTO exhibits the highest dielectric constant 
(36 at 101 Hz), significantly outperforming PVDF (ε = 13) 
and the PVP/BTO sample (ε = 23). Furthermore, 
electrospun PVP/BTO fibers also demonstrated a 
noticeable improvement in dielectric properties due to 
enhanced space charge polarization facilitated by the 
polymer matrix and the dispersed ceramic domains. In 
PVDF/BTO, this enhancement is attributed to the strong 
dipolar interactions between the polar PVDF chains and 
the high relative permittivity (k) of BTO nanoparticles, 
which facilitate better polarization.47 Moreover, the 
incorporation of BTO improves the space charge 
polarization and interfacial interactions, resulting in 
superior dielectric permittivity. The synergistic interaction 
between polymer matrix and ceramic filler also restricts 
polymer chain mobility, promoting interfacial charge 
buildup.48 

In Figure. 8(b), the dielectric loss shows a steep 
decline with increasing frequency for all samples. The low-
frequency region shows higher dielectric loss due to 
relaxation phenomena and conduction losses. Among the 
three, PVDF exhibits the lowest dielectric loss (0.036) 
throughout the frequency spectrum. While PVP/BTO and 
PVDF/BTO systems show slightly higher tan δ (0.169 and 
0.25) at low frequencies, they stabilize to minimal values 
(0.01) at higher frequencies (>104 Hz), indicating the 
composite’s suitability for energy storage or sensor 
applications where low loss at operational frequencies is 
critical.49 The PVDF/BTO composite maintains a 
reasonable balance of high dielectric constant and low 
dielectric loss, making it a promising candidate for 
embedded capacitors and piezoelectric applications.50 

3.8. Energy Harvesting Performance 

The energy harvesting capability of the 
nanogenerators was investigated under low-frequency (2 
Hz) cyclic compressive stress using the phenomenon of 
piezoelectricity. In general, piezoelectricity is the ability of 

certain materials to generate an electrical charge in 
response to applied mechanical stress.51 This 
phenomenon is rooted in the non-centrosymmetric crystal 
structure of piezoelectric materials, where mechanical 
deformation leads to the displacement of charge centres 
within the material, inducing an electric polarization. The 
resulting piezoelectric effect can be exploited to convert 
ambient mechanical energy, such as vibrations, pressure, 
or motion, into usable electrical energy, making it ideal for 
self-powered sensors and energy-harvesting devices.52 

In the context of our study, we employed the 
piezoelectric property to evaluate the dynamic 
electromechanical response of pure PVP, neat PVDF, 
PVP/BTO, and PVDF/BTO nanocomposite films. This was 
accomplished by applying cyclic mechanical compressive 
forces using a piezometer-based setup, which stimulated 
the materials and generated time-dependent voltage and 
current outputs. To evaluate the piezoelectric energy 
harvesting potential of the fabricated nanocomposites, we 
employed a piezometer-based dynamic mechanical 
testing system [Figure 9(a)]. Periodic compressive stress 
of 2 N pressure was applied to the composite films using 
the piezometer, which mimics mechanical stimuli like 
vibrations or footfall energy in practical scenarios. The 
resulting output current and voltage were recorded across 
all samples to assess their piezoelectric responsiveness. 

The dynamic response of PVP, PVDF, PVP/BTO and 
PVDF/BTO films to cyclic loading was illustrated in Figure 
9(b-i). Although PVP is inherently non-piezoelectric, a 
weak alternating current (0.3 μA) and an output voltage of 
approximately 0.8 V were recorded [Figure 9(b, c)] when 
its nanofibers were subjected to mechanical deformation. 
This measurable output is likely attributed to the structural 
alignment of the fibers during electrospinning, which 
enhances dipolar orientation and enables modest charge 
separation under stress. PVDF exhibits a modest 
piezoelectric response, with a peak current of 0.5 μA and 
voltage of 1.2 V [Figure 9(d, e)]. This is consistent with 
the intrinsic piezoelectric nature of the β-phase PVDF 
polymer. 53,54 Incorporation of BTO nanoparticles into the 
PVP matrix significantly enhances the response, as seen 
in Figure 9(f, g). The PVP/BTO nanofibers demonstrate a 
peak current of 1.3 μA and a voltage of 2.4 V. This 
enhancement can be attributed to the polarization of the 
ceramic fillers and the increased interfacial dipole 

 

 
 
Figure 8. (a) Frequency-dependent variation of dielectric constant (ε) for PVDF, PVP/BTO and PVDF/BTO composites (b) Frequency-dependent dielectric loss 
(tan δ) for the systems (PVDF, PVP/BTO and PVDF/BTO composites) measured at room temperature. 
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alignment, which collectively improve charge separation 
under mechanical excitation.9 The most notable 
performance is observed when the 5 wt% of BTO 
nanoparticles were embedded in the PVDF matrix  
(PVDF/BTO composite), which achieves a maximum 
current output of 2.1 μA, and the output voltage surged to 
around  3.8 V [Figure 9(h, i)]. This significant 
improvement is attributed to the synergistic coupling of the 
polar β-phase PVDF matrix with highly dielectric BTO 
nanoparticles, which enhances dipole density and stress 
transfer at the interface.55 We have also performed 
repeated finger-tapping tests, achieving over 600 cycles  

[Figure 9(j, k)] within a 10-minute span, which consistently 
demonstrated stable electrical output throughout the test 
period. These results suggest that our nanogenerator 
materials possess promising long-term operational 
stability. Due to limited access to advanced 
instrumentation, we were unable to conduct extended 
cyclic stability measurements beyond the presented data. 
Both composites demonstrated long-term stability and 
repeatability, but PVDF/BTO consistently produced higher 
voltages, underscoring its enhanced piezoelectric 
response.  

 

 
 

Figure 9. (a) Schematic representation of the piezoelectric energy harvesting setup, (b-i) Output current and voltage profiles as a function of time for 

different samples under periodic mechanical stress at 2 Hz: (b) Current vs. time for PVP (c) Voltage vs. time for PVP (d) Cur rent vs. time for PVDF, 

(e) Voltage vs. time for PVDF, (f) Current vs. time for PVP/BTO, (g) Voltage vs. time for PVP/BTO, (h) Current vs. time for PVDF/BTO, (i) Voltage vs. 

time for PVDF/BTO, and Durability test of : (j) PVP/BTO and (k) PVDF/BTO nanocomposite over 600  cycles th rough finger tapping. 
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A comparative study has been illustrated in Table 4 to 
summarize the material’s design, morphological 
characteristics, and output performance of these 
nanostructured systems: PVP, PVP/BTO, PVDF and 
PVDF/BTO composite nanofibers. The PVP/BTO system 
employed PVP both as the host matrix and as a surface-
functionalizing agent for BTO nanoparticles, leading to 
uniform nanoparticle encapsulation. PVDF nanofibers 
served as the baseline with relatively high β-phase (60%) 
but limited output due to a lack of ceramic reinforcement. 

In contrast, the PVDF/BTO composite nanofibers, 
fabricated by integrating BTO nanoparticles into a PVDF 
matrix, demonstrated the most favourable profile: a high 
β-phase content (>85%), dielectric performance (36 at 1 
kHz), and energy harvesting output (3.8 V, 2.1 µA, 7.98 
µW). This was made possible by improved ceramic 
dispersion, enhanced interfacial polarization, and effective 
dipole alignment under mechanical excitation. 

The bar graph [Figure 10(a)] illustrates the maximum 
voltage output (V) generated by the PVP, PVDF, 
PVDF/BTO and PVP/BTO composite samples under 
periodic mechanical stress. Among them, PVDF/BTO 
exhibits the highest voltage output of 3.8 V, followed by 
PVP/BTO with 2.4 V, neat PVDF with 1.2 V and PVP 
nanofibers with only 0.8 V. This enhanced performance in 
PVDF/BTO can be attributed to the synergistic interaction 
between the ferroelectric BTO nanoparticles and the 
piezoelectric β-phase of PVDF, which collectively facilitate 
superior charge displacement and accumulation. The 
presence of BTO increases dipolar alignment, boosting 
the polarization field under dynamic compression.56  

Figure 10(b) represents the output current (µA) 
generated under the same operating conditions. The 
PVDF/BTO composite again outperforms the others, 
reaching 2.1 µA, while PVP/BTO yields 1.3 µA, neat PVDF 
produces a current of 0.5 µA, and PVP nanofibers 
produce a significantly lower current of 0.3 µA. The 
improved charge mobility and dielectric interface between 
PVDF and BTO nanoparticles in the composite contribute 
to effective charge transfer during mechanical 
deformation. In contrast, the lower output from neat PVDF 

indicates a limited number of aligned dipoles and a lower 
β-phase content, resulting in a weaker piezoelectric 
response.57 

The generated power of different nanocomposites was 
illustrated in Figure 10(c). The power output was 
calculated using the following Eq. (3): 

𝑃 = 𝑉 ×  𝐼                          (3) 

The PVDF/BTO nanocomposite delivers a peak power 
output when load resistance (R=20 MΩ) is applied, which 
is approximately 7.98 µW, which is more than twice the 
output generated by PVP/BTO (3.12 µW), and significantly 
higher than both neat PVDF (0.6 µW) and PVP (0.24 µW), 
demonstrating its superior energy harvesting capability. 
These results highlight the critical importance of 
engineered dispersion of BTO within a neutral polymer like 
PVP, which can still elicit considerable piezoelectric-like 
response, demonstrating the role of filler orientation and 
dipolar polarization even without an electroactive polymer 
backbone. The composite structure enables more efficient 
conversion of mechanical energy into electrical energy 
through enhanced dielectric coupling and polarization.58,59 

The comparative radar chart for the nanocomposites 
was depicted in Figure 10(d), where it offers a 
comparative visualization of key performance parameters- 
voltage, current, power and dielectric constant, for the 
three sample types. PVDF/BTO exhibits dominant 
characteristics in all categories, forming a broad envelope 
in the radar plot, whereas PVDF appears more centrally 
clustered, reflecting its modest performance. PVP/BTO 
shows intermediate behaviour, suggesting a promising 
role but not surpassing PVDF/BTO. The radar plot 
effectively highlights the overall performance of the 
PVDF/BTO composites, demonstrating their strong 
potential for use in advanced piezoelectric 
nanogenerators and self-powered electronic applications. 
To further characterize the device performance, voltage 
and power density were measured across a range of load 
resistances through Eq. (4): 

P = V2 / AR                             (4) 

Table 4.  General properties of electrospun PVP, PVP/BTO, PVDF, and PVDF/BTO composites for nanogenerator applications. 

Parameter PVP PVP/BTO PVDF PVDF/BTO Composite 

Matrix PVP PVP PVDF PVDF 
Filler None BTO (1-5 wt%) None BTO (1-5 wt%) 
Synthesis Method Electrospinning Electrospinning Electrospinning Electrospinning 
Interfacial Modifier None PVP None BTO nanoparticle 
β-Phase Content - - 60% >85% 
Morphology - Uniform fibers with ceramic 

embedded 
Smooth and thin nanofibers Rougher fibers with well-

dispersed ceramic 
Thermal Stability - Moderate High Highest (T onset ↑ 20 °C) 
Dielectric Constant (1 kHz) - 23 13 36 
Output Voltage (V) 0.8 2.4 1.2 3.8 
Output Current (µA) 0.3 1.3 0.5 2.1 
Output Power (µW) 0.24 3.12 0.6 7.98 

Table 5. Comparison of the piezoelectric output of our PVDF/BTO composite with that of other reported PENG devices. 

Sample Fabrication Method Current Voltage (v) Power Density  (µWcm-2) Reference 

PMMA-BTO/PVDF-TrFE Sol-gel + electrospinning 1.3 µA 12.6 0.68 63 
PVDF/BTO Electrospinning - 11 0.65 64 
BTO/PVDF-TrFE Electrospinning 1.5  µA 6 0.878 65 
PVDF/BTO/n-type graphene (n-Gr) Sol-gel 1500 nA 10 - 66 
B4Ti3O12 nanoparticles Spin-coating 100 nA 12.5 - 67 
Electrospun PVDF nonwoven fabric Electrospinning 39 nA 0.076 577.6 68 
PVDF/BaTi(1-x)ZrxO3 (BTZO) film Molten salt method 1350 nA 11.9 0.14 69 
BTO NP/P(VDF-TrFE) Drop-casting 82 nA 1.83 - 70 
BTO/PVDF Electrospinning 4.658  µA 62 3.64 71 
SWCNTs/PVDF-TrFE Electrospinning 1.3  µA 26.8 1.85 72 
PVDF/BTO Electrospinning 2.1  µA 3.8 2.25 Our work 
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Both PVP/BTO and PVDF/BTO showed maximum 
output at intermediate resistances Figure 10(e, f), but 
PVDF/BTO achieved significantly higher output voltage 
and power density of about 3.8 V and 2.25 µWcm-2 (area 
= 0.32 cm2, R = 20 MΩ), confirming the beneficial effect of 
BTO integration in piezoelectric polymer. The observed 
improvements are a result of synergistic effects, including 
enhanced interfacial polarization, effective stress transfer, 
and improved filler dispersion in the polymer matrix.60 

These outcomes substantiate the potential of BTO-based 
composites for high-performance energy harvesting 
applications.61,62 

As seen in Table 5, the PVDF/BTO composite 
achieves 3.8 V and 2.1 μA, outperforming several reported 
PENGs. This performance makes it a promising candidate 
for self-powered sensors, wearable electronics, and 
various miniaturized piezoelectric devices. 

 
Figure 10. (a) Comparative bar graph showing output voltage (V) of PVP, PVDF, PVP/BTO and PVDF/BTO nanocomposites under mechanical 

excitation using a piezometer setup, (b) Comparative bar graph showing output current (µA) from the four samples of (PVP, PVDF, PVDF/BTO, and 

PVP/BTO), (c) Power output (µW) derived from the voltage-current response, highlighting superior energy conversion efficiency in PVDF/BTO, (d) 

Radar chart representing multiple performance metrics-voltage, current, power, and dielectric constant-for PVDF, PVP/BTO, and PVDF/BTO 

composites and Voltage and power densities of (e) PVP/BTO and (f) PVDF/BTO nanocomposites with 0 to 50 MΩ load resistances.  
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4. Conclusion 

In this study, we investigated a comprehensive 
evaluation of electrospun nanocomposite fibers 
incorporating piezoelectric ceramic BTO into both PVDF 
and PVP polymer matrices, aiming to enhance energy 
harvesting performance. Accordingly, two types of 
nanocomposites were fabricated: piezoelectric 
PVDF/BTO and non-piezoelectric PVP/BTO, and their 
energy harvesting behaviours were systematically 
studied. A comprehensive comparison among PVP, 
PVDF, PVP/BTO and PVDF/BTO systems reveals that 
the PVDF/BTO composite achieves the highest 
performance in terms of dielectric constant (36 at 1 kHz), 
β-phase content (>85%), output power (7.98 µW) and 
power density (2.25 µWcm-2), all under low-frequency 
mechanical excitation. This enhanced output is primarily 
due to the intrinsic piezoelectric properties of BTO, which 
acts as an active filler generating piezoelectric charges 
under stress, synergistically coupled with interfacial 
polarization effects between PVDF and BTO. The 
resulting strong dipole alignment not only stabilizes the β-
phase of PVDF but also promotes uniform nanoparticle 
dispersion through electrospinning.  

Thermal and morphological studies further support the 
structural integrity and reliability of these nanocomposites 
under stress. Although PVP (a non-piezoelectric polymer) 
lacks intrinsic piezoelectricity, its application as a host 
matrix in PVP/BTO nanofibers reveals valuable insights. It 
provides a benchmark to isolate filler contributions and 
supports controlled dispersion of BTO. The use of PVP 
not only stabilized BTO nanoparticles but also facilitated 
better values than the neat PVDF matrix. 

These findings pave the way for the use of PVDF/BTO 
nanofiber composites as flexible and scalable materials 
for next-generation wearable piezoelectric 
nanogenerators. Their lightweight structure, mechanical 
robustness, and efficient energy conversion make them 
ideal candidates for integration into self-powered 
electronic systems, such as health-monitoring wearables, 
motion sensors, and ambient mechanical energy 
harvesters. 
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