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ABSTRACT: The rapid advancement of nanocomposite materials for
coupled triboelectric and piezoelectric nanogenerators (TENG-
PENG) has attracted considerable attention due to efficient
mechanical energy harvesting in portable and self-powered systems.
However, challenges persist due to the nonuniform distribution of
guest materials within nanocomposites, resulting in limited surface
potential and polarization properties. Here, we demonstrated the
incorporation of Nafion into poly(vinylidene fluoride):lead zirconium
titanate (PVDF:PZT) hybrid nanofibers, substantially enhancing the β
phase. The surface potential of PVDF:PZT increased to 86 mV,
representing a 21% increase over untreated PVDF, while stimulated
PVDF:PZT-N hybrid nanofibers show a notable boost of ∼175 mV,
increasing to 146% compared to PVDF. The hybrid PVDF:PZT-N
exhibits a storage modulus of ∼306 Pa and electrospun hybrid nanofibers displays an elastic limit of ∼1.48 MPa. Furthermore, the
efficacy of the PVDF:PZT-N nanofibers is validated through a comparative analysis between engineered single- and double-dielectric
layered TENG-PENG devices, producing maximum output currents and voltages of ∼7 μA and ∼40 V, respectively. These TENG-
PENG devices have demonstrated their potential to illuminate multiple light-emitting diodes and digital LED display boards.
Overall, the incorporation of Nafion into PVDF:PZT nanofibers significantly enhances the output performance of synergistically
integrated PENG and TENG systems, offering promising advancements in mechanical energy harvesting and self-powered electronic
devices.
KEYWORDS: poly(vinylidene fluoride), lead zirconium titanate, triboelectric nanogenerator, piezoelectric nanogenerator, electrospun,
nanofibers, nafion

1. INTRODUCTION
Electronic devices, ranging from electric cars to various smart
gadgets, continue to proliferate rapidly leading to a widespread
and increasing demand for charging solutions.1 Parallelly, the
demand for portable power sources and electronic waste is also
booming. Amidst the escalating energy crisis, it is crucial to
explore alternative routes to eliminate reliance on non-
renewable energy sources and the usage of toxic batteries.2

The emerging accessible technologies are triboelectric and
piezoelectric nanogenerators.3 Recently, researchers have
extended their focus to harvest ubiquitous kinetic energy
from chalcohalide nanowires that exhibit exceptional electro-
mechanical and piezoelectric properties, making them ideal for
their use in nanogenerators. These nanogenerators can
efficiently convert mechanical energy from diverse sources,
such as acoustic waves, airflow, and body movements into
electricity. Additionally, they are capable of detecting ultra-
sonic waves and low-frequency vibrations.4,5 Nanofibers-based
coupled triboelectric nanogenerators (TENGs) and piezo-
electric nanogenerators (PENGs) are also emerging technol-

ogies that transform mechanical energy into electrical power.6

Considering their affordable fabrication costs and adequate
energy conversion efficiency, TENGs and PENGs are
attracting significant attention. These devices perform through
the coupling effect of contact electrification and electrostatic
induction.7 Triboelectric nanofiber materials have the capacity
to generate charges on their surface while coming in close
proximity with oppositely charged dielectric materials.8

However, piezoelectric nanofiber materials perform their role
when pressure is exerted over them, where electric charges
develop due to electric polarization produced by a mechanical
strain.9 Also, it has been observed that a nanofiber-based single
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nanogenerator, which are made up of polymer materials, could
transit into the couple stages of TENG and PENG due to their
excessive degree of bending and intrinsic flexibility.10

The poly(vinylidene fluoride) (PVDF)-based polymer is
most commonly used in flexible triboelectric and piezoelectric
devices that exhibit outstanding energy-harvesting potential.11

PVDF (−CH2−CF2−)n is a semicrystalline material whose
piezoelectric property depends upon the dipoles between the
C−H and C−F bonds.12 Generally, PVDF can crystallize in
two polymorphs, identified as α and β phases.13 The α phase is
characterized by trans−gauche−trans−gauche′ (TGTG′)
conformation, whose dipole moments are aligned in an
antiparallel way, and the β phase is characterized by all-trans
(TTTT) conformation.14 The β phase is more stable as it
endures a large electric field due to the applied mechanical
deformation.15,16 However, under typical conditions, PVDF is
severely constrained by factors like non-polar phase, poor
dielectric permittivity, and low mechanical strength.17 To
impede these constraints, high-dielectric dopants are added
with PVDF to develop an efficient composite material with
improvized dielectric breakdown, dielectric constant, and
flexibility.18,19 Several studies have been explored to design
an efficient composite material with PVDF by using different
types of dopants such as lead zirconium titanate (PZT), zinc
oxide, graphene nanosheets, and cobalt chloride.20,21 Partic-
ularly, high dielectric constant PZT incorporated into PVDF
(PVDF:PZT) improves the surface charge density, dielectric
properties, charge-trapping capability, and outstanding me-
chanical stability.22,23 The inclusion of PZT serves as a catalyst,
prompting nucleation during the curing process and fostering
increased crystallization through electrostatic attraction.24 In
PVDF:PZT composites, PZT induces local stress between the
interface of PZT and PVDF, tend to significantly enhance the
stress-induced polarization in the polymer matrix, and
exhibited better piezoelectric properties compared to bare
PVDF.25 However, the hydrophobic properties of PVDF with
low density (1.78 g/cm3) and the hydrophilic nature of PZT
with high density (7.45 g/cm3) creates a limiting factor for the
complete dispersion of PZT into PVDF. Inevitably, due to
large density difference between the PVDF and PZT
components of composite, it produces high agglomeration
and low dispersion.26−29 Thus, weak interfacial interactions
between PZT and PVDF reduces the output power and
stability of TENG-PENG.30 Hence, it is crucial to produce a
well-dispersed homogeneous phase of the PVDF:PZT
composite for outstanding results. Moreover, a significant
enhancement in dielectric properties of PVDF can be acheived
by the addition of PZT in the presence of organically modified
additives.31

In this work, we incorporated Nafion as an additive into
PVDF:PZT composite solution to form PVDF:PZT-N hybrid
electrospun nanofibers. The unique hydrophilic and hydro-
phobic functionality of Nafion resulted in a uniformly
dispersed phase of PVDF:PZT-N hybrid nanofibers, which
helps to improve the triboelectric and piezoelectric perform-
ance. Additionally, a comparative study of engineered TENG-
PENG devices utilizing a single dielectric and double dielectric
layer was conducted. In order to enhance the triboelectric and
piezoelectric effects of double dielectric layer TENG-PENG
device, poly(vinyl alcohol) (PVA) is integrated as an
electropositive layer with a top-side copper electrode. The
properties of the synthesized nanofibers were characterized by
using X-ray diffraction (XRD), field-emission scanning electron

microscopy (FE-SEM), Raman spectroscopy, Kelvin probe
force microscopy (KPFM), and universal testing machines
(UTM).

2. EXPERIMENTAL SECTION
2.1. Materials. PVDF pellets, acetone, and N,N-dimethylforma-

mide (DMF) solvents of commercial grade were procured from
Sigma-Aldrich. Nafion and PVA were supplied by Alfa Aesar, while
PZT powder was purchased from Nanoshel, India.
2.2. Fabrication of Nafion-Incorporated PVDF:PZT Nano-

fibers. PVDF pellets of Mw −180,000 were first dissolved in a DMF
solvent and acetone (4:1) to prepare a homogeneous solution of 24
wt % and stirred for 9 h at 60−70 °C. Further, PZT powder of
different fractions (1.4, 4.8, 9.6, and 14.4 wt %) was added into the
PVDF solution and stirred for 1 h to form a homogeneous mixture.
Additionally, Nafion with different volume concentrations (20, 40, 60,
and 100 μL) was added dropwise to the PVDF:PZT solution and
stirred for 1 h. Finally, the prepared solution was loaded into a syringe
pump and placed 45 cm away from the collecting cylinder for
electrospinning. The nanofibers were deposited with a feed rate of 2
mL h−1 in the presence of high voltage of 17 kV. Electrospun
PZT:PVDF-N nanofibers were collected on an aluminum foil
wrapped over a collecting cylinder.
2.3. TENG-PENG Device Fabrication. The device fabrication

relies on the vertical contact separation mode. First, electrospun
PVDF nanofibers, PVDF:PZT composite nanofibers, and
PVDF:PZT-N hybrid nanofibers were directly collected from
aluminum foil which was wrapped on the collecting cylinder. Then,
the single-dielectric TENG-PENG device was fabricated by
assembling the PVDF:PZT-N nanofiber mat serving as the first
dielectric layer placed on conductive copper sheets. Another copper
sheet, which acted as the upper electrode was attached to the top side.
Two acrylic sheets were deployed on both copper sheets to assemble
the positive and negative copper electrodes. Similarly, single-dielectric
TENG-PENG devices were fabricated using PVDF nanofibers and
PVDF:PZT composite nanofibers. Moreover, for the double-dielectric
TENG-PENG device, a PVA thin film as a second dielectric layer was
coated on an upper copper sheet to serve as a positive triboelectric
layer and mounted over the PVDF:PZT-N nanofiber mat.
2.4. Morphological and Structural Characterization. The

morphological analysis of PVDF nanofibers, PVDF:PZT composite
nanofibers, and PVDF:PZT-N hybrid nanofibers was done using an
FE-SEM (Zeiss Gemini 500, Carl Zeiss Microscope) at an
acceleration voltage of 5 kV. The crystalline structure was obtained
using X-ray diffraction (SmartLab X-ray Diffractometer) at a scan rate
of 1° min−1. Raman signal acquisition was performed (LabRAM Hr
evolution) using a 532 nm incident laser with a 100× objective lens.
The d33 piezoelectric constant was measured using a YE2730A
piezometer (APC International, Ltd).
2.5. Kelvin Probe Force Microscopy (KPFM). KPFM measure-

ment was conducted using a Bruker multimode system (Dimension
ICON PT) under ambient conditions. The non-contact mode was
operated through a Co−Cr-coated conducting tip (cantilever
frequency: ∼75 kHz, nominal spring constant: 3 N m−1, and
curvature size: 35 nm) to measure the surface potential and topology
of the electrospun nanofibers. Further, Nasoscope analysis software
was utilized to calculate the surface potential distribution along
multiple line profiles.
2.6. Electrical Characterization. The two ends of the conductive

copper sheet were connected to the two electrodes of Kethley
4200ASCS, which were used to measure the output current. The
ouput voltage was measured using high-speed digital storage
oscilloscope (Agilent Technologies).
2.7. Rheological and Tensile Strength Characterization.

Rheological measurement of PVDF:PZT-N, PVDF:PZT, and PVDF
in molten state was carried out using a modular compact rheometer
(Anton Paar), equipped with a conical plate geometry (diameter = 40
mm and gap = 1 mm). Tensile strength measurement was performed
using a UTM (Tinius Olsen) to compare the strength of the
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PVDF:PZT-N hybrid nanofibers with PVDF:PZT and bare PVDF
nanofibers. The sample size (2 mm × 30 mm) was fixed between a
frame holder with a gauge length of 3 cm, strain rate of 1 mm min−1,
and using a load cell of 10 N.

3. RESULTS AND DISCUSSION
Figure 1a illustrates the molecular structures of PVDF, PZT,
and Nafion along with their interactions. The introduction of
Nafion into PVDF:PZT arises the polar interactions between
PZT and Nafion, while nonpolar interactions between PVDF
and Nafion. These interactions emerge due to the Nafion
contains perfluoroalkyl backbones and sulfonic groups, which
exhibit hydrophobic and hydrophilic properties.32 The unique
amphiphilic properties of Nafion enabled hydrophilic inter-
actions between PZT and the sulfonic group of Nafion,
including hydrophobic interactions between the PVDF chain
and perfluoroalkyl backbones of Nafion. Figure 1b schemati-
cally shows the preparation of Nafion-incorporated
PVDF:PZT hybrid solution. PVDF:PZT composite solutions
with varying concentrations of PZT are shown in Figure S1a.
Thereafter, Nafion at different concentrations was added to the
well-dispersed PVDF:PZT composite to form a PVDF:PZT-N

hybrid solution, as shown in Figure S1b. In the electrospinning
process, the synthesized solution is ejected from a capillary
nozzle and dispersed into the nanofibers under the influence of
a strong electric field, as illustrated in Figure 1c. The stable
solutions of PVDF, including PVDF:PZT, and PVDF:PZT-N
for the optimized concentrations of PZT and Nafion are shown
in Figure 1d. Moreover, the excellent dispersion of PZT in the
PVDF:PZT-N hybrid solution is due to the bond interaction of
Nafion with the lead oxide (PbO) molecules of PZT, as shown
by Fourier transform infrared (FTIR) spectroscopy in Figure
S2a, and the enlarged plot in Figure S2b.
3.1. Morphological Analysis. The FE-SEM images of

PVDF, PVDF:PZT, and PVDF:PZT-N nanofibers, along with
the average size distributions, are shown in Figure 1e−g. The
pure PVDF nanofibers exhibited diameters in the range of 50
to 200 nm with an average fiber diameter of 100 nm. To
optimize the PVDF:PZT composite nanofibers, the concen-
tration of PZT was varied from 4.8 to 14.4 wt %, as shown in
SEM images (Figure S3b−d), with higher resolution in Figure
S3f−h. The high concentration of PZT in the PVDF:PZT
composite nanofiber images clearly shows the aggregated PZT.
The PVDF:PZT images reflect the non-uniform distribution of

Figure 1. (a) Chemical structures of the materials used and interactions exist in Nafion-incorporated PVDF:PZT, (b) synthesis process of the
precursor solutions, and (c) electrospinning of PVDF:PZT-N nanofibers. (d) Stable solution of (i) PVDF, (ii) PVDF:PZT, and (iii) PVDF:PZT-N.
FE-SEM images with Gaussian fit on nanofibers of various sizes (e) PVDF, (f) PVDF:PZT, and (g) PVDF:PZT-N.

Figure 2. Piezoelectric coefficient (d33) of fabricated PVDF:PZT composite nanofibers corresponding to various concentrations of (a) PZT (0, 1.4,
4.8, 9.6, and 14.4 wt %) and (b) Nafion (0, 20, 40, 60, and 100 μL).
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PZT within the nanofibers, and the nanofiber size varied from
50 to 300 nm with an average fiber diameter of 180 nm. The
primary reason for larger aggregates of PZT in the PVDF:PZT
nanofiber is a nonuniform distribution of PZT, which
produced a greater impact force during electrospinning,
when hovering toward the fiber collection roller.33 The
morphology of the PVDF:PZT-N hybrid nanofiber shows
the size in the range of 50 to 200 nm, which exhibits an average
fiber size of 150 nm without aggregated PZT. The crucial
function of Nafion involves reducing the agglomeration in the
PVDF:PZT-N composite by adjusting the surface energy and
density disparities between PVDF and PZT.34 The FE-SEM
images of the fabricated PVDF:PZT-N hybrid nanofibers at
different concentrations of Nafion are shown in Figure S4a−c.

The d33 coefficient was assessed for the maximum
piezoelectric output when subjected to applied stress. Figure
2a presents the d33 measurement of the PVDF:PZT composite
nanofibers with different PZT concentrations. The PZT
concentration of 9.6 wt % exhibits a maximum d33 value of
48 pC/N. This is due to the inherent superior piezoelectric
property and the mechanical strength of PZT as compared to
PVDF, which enhanced the alignment of polarizable dipoles
within the PVDF:PZT composite.35 However, increasing the
PZT concentration led to decrease in the d33 value. The
PVDF:PZT composite solution was found to be optimized at
9.6 wt % PZT, in which Nafion was further added in various
concentrations to form a PVDF:PZT-N solution. The
PVDF:PZT-N nanofibers exhibited an impressive d33 value
of 81 pC/N with the addition of 40 μL of Nafion; further
increase in the Nafion concentration leads to a non-linear
decrease in d33, as depicted in Figure 2b. Nafion additives
integrated into the PVDF:PZT composites not only improve

the piezoelectric effect but also exert a substantial influence on
crystallinity through electrostatic interactions. Therefore,
Nafion, as a conductive additive in the PVDF:PZT-N hybrid
nanofibers, is a stress-reinforcing agent that enhances the force
distribution to the internal crystal phase.36

3.2. Raman Analysis. Raman analysis was employed to
examine the structural changes and phase transformations in
the PVDF:PZT-N hybrid nanofibers and compared with
untreated PVDF and PVDF:PZT composite nanofibers. In
Figure 3a, the spectra of bare PVDF nanofibers illustrate the
structural characteristics of the material. Two distinct para-
electric α phase features are observed at approximately 608 and
793 cm−1. Additionally, the presence of the β phase in PVDF is
evident at approximately 837 cm−1, corresponding to the out-
of-phase combination of the CF2 stretching mode and CH2
rocking.37 This particular β phase configuration is known to
contribute the enhancement of piezoelectric properties. The α
phase peak intensity is predominantly observed in the bare
PVDF nanofibers. Following the addition of PZT to PVDF, the
PVDF:PZT composite spectra prominently exhibited distinct
PZT peaks at 136, 191, and 272 cm−1. Moreover, a noticeable
enhancement in the β phase peak dominated over the α phase
peak. The Raman bands below 150 cm−1 are known as the
exterior modes of the PZT material; in particular, they are
connected to the lead-lattice modes. On the other hand, modes
above 150 cm−1 reflect internal bands like torsion, bending,
and stretching.38 Moreover, upon the introduction of Nafion in
the PVDF:PZT composite, we observed a reduction in the
intensity of the PZT peaks compared to the peak intensity of
the α and β phases in bare PVDF nanofibers. Remarkably, the
intensity of the β phase peak was significantly enhanced after
Nafion incorporation. This occurred because of the hydrated

Figure 3. (a) Raman spectra of PVDF, PVDF:PZT, and PVDF:PZT-N nanofibers along with only PZT film. (b) Zoomed-in Raman spectra of
PVDF, PVDF:PZT, and PVDF:PZT-N nanofibers. (c) XRD spectra of PZT, PVDF, PVDF:PZT, and PVDF:PZT-N with (d) zoomed data for the
(110) peak.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.4c02292
ACS Appl. Nano Mater. 2024, 7, 15425−15437

15428

https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c02292/suppl_file/an4c02292_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c02292?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c02292?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c02292?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c02292?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c02292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sulfonated groups in the PVDF:PZT-N nanofibers, which
improved the β/α peak intensity ratio of ∼1.44. The
formidable dielectric characteristics of PZT particles increase
the polarization of PVDF upon exposure to an electric field
during electrospinning of nanofibers.39 Additionally, Raman
mapping was conducted at ten distinct locations across a 10 ×
10 μm2 area to assess the signal uniformity of PVDF,
PVDF:PZT, and PVDF:PZT-N, as illustrated in Figure S5.
The reduced intensity of the PZT peaks observed for
PVDF:PZT-N signifies the homogeneous distribution of PZT.
3.3. XRD Analysis. The polymorphic characteristic of the

PVDF, pristine PZT, PVDF:PZT, and PVDF:PZT-N materials
was investigated using XRD data, as shown in Figure 3c
(zoomed data in Figure 3d). The diffraction peaks of PZT are
typically observed at 31° and 38°.40 In bare PVDF, a
prominent diffraction peak is observed at 2θ = 20.3°, which
corresponds to the (110) reflection plane of the polar β phase.
This peak reflects the Bragg diffraction of the β phase, which is
associated with all-trans conformations.41 However, the β
phase peaks for PVDF:PZT are at the same location, but the
intensity of the peak dropped, which indicates that the
presence of the PZT peak dominates and suppresses the β
phase of PVDF. This suppression may be attributed to an
increase in the number of aggregated PZT crystals within the
PVDF:PZT composite. Moreover, with the incorporation of
Nafion into PVDF:PZT, the intensity of the β phase peak was
significantly enhanced. This enhancement is attributed to
interaction between PZT and sulfonate groups of Nafion,

which reduce coagulation and provide better dispersion of
PZT within PVDF:PZT-N.42 The interaction between PVDF,
PZT, and Nafion also increases the crystallinity of the
composite and may cause the polymer chains to become
entrenched in the crystalline β phase, promoting polarization
enhancement.43 Additionally, the broad hump that arises in
each XRD plot corresponds to the peak of the glass, as shown
in Figure S6.
3.4. KPFM Analysis. The enhancement in the synergetic

effect of the triboelectric and piezoelectric properties was
investigated by studying the surface potential of the nanofibers
with KPFM measurement. Initially, we scanned an area of 10 ×
10 μm2 to measure the topology of the pure PVDF,
PVDF:PZT, and PVDF:PZT-N nanofibers, as shown in Figure
4a−c. The measured surface potentials of each aforementioned
nanofibers are illustrated in Figure 4d−f. The change in the
surface potential of the bare PVDF nanofibers, with an
approximate value of ∼71 mV, slightly increases to ∼86 mV
after doping with PZT, indicating a 21% increase compared to
pure PVDF nanofibers. Moreover, the change in the surface
potential of PVDF:PZT-N significantly reaches ∼175 mV,
marking a remarkable 103% increase compared to the
PVDF:PZT composite and a substantial 146% increase
compared to the bare PVDF nanofibers. This indicates a
notable enhancement in the uniformity of the β phase after the
introduction of PZT and Nafion. The distribution of the
surface potential along a line profile at different positions is
illustrated in Figure 4g−i. The significant surface potential

Figure 4. KPFM measurement of PVDF, PVDF:PZT, and PVDF:PZT-N representing (a−c) topology scan image, (d−f) surface potential
mapping, and (g−i) multiple line profiles of surface potential distribution.
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observed for PVDF:PZT-N reflects a substantial induced
electric field that boosts the polarization of the dielectric
nanofibers. The high surface potential observed in PVDF:PZT-
N signifies a large induced electric field, which contributes to
the improved polarization of the dielectric materials. This
enhancement reflects the improved homogeneity of the β
phase.44 Moreover, this outstanding surface potential supports
superior enhancement of surface charges in PVDF:PZT-N.
The increased polarizability facilitates more surface charge
generation, thus enhancing the charge-trapping capability of
the nanofibers.45 The effective performance of the TENG-
PENG device is significantly influenced by the surface potential
of the contact materials, where materials with a notably
negative surface potential favor charge acquisition, and vice
versa.46,47 Consequently, the PVDF:PZT-N configuration
enables the accumulation of additional charges under an
electric field, making it an excellent choice for coupled TENG-
PENG nanogenerators.
3.5. Electrical Characterization and Analysis. To

explore the triboelectric and piezoelectric properties of the
PVDF:PZT-N nanofibers, we fabricated two individual TENG-
PENG device structure, one designed with single dielectric
layer and another with double dielectric layers. In the single

dielectric layer TENG-PENG structure, a copper sheet was
attached to PVDF:PZT-N nanofiber mat, which was vertically
positioned against another copper sheet, as depicted in Figure
5a. The PVDF:PZT-N hybrid nanofibers are characterized by
their electronegativity and exhibit a robust affinity for electron
acquisition, while the electropositive copper layer has a
propensity to release electrons.48 The working mechanism of
the single dielectric layer TENG-PENG device is illustrated in
different stages of a single-loop cycle, as shown in Figure 5b.
Stage 1 represents the initial phase, open/released state have
open air space of ∼2.5 cm between the electropositive upper
copper electrode and electronegative nanofiber layers.
Consequently, there exist no potential difference, leading to
no charge transfer. Stage 2 corresponds to gentle manual
tapping, where the upper electropositive copper layers comes
into close proximity to the electronegative nanofiber layers,
triggering an opposite charge to emerge due to contact
electrification, and electrostatic induction prompts few
electrons to migrate from the bottom copper to the upper
copper electrode, resulting in a small potential difference that
produces a positive pulse.49 After exerting mechanical pressure,
the device enters into the pressing state or stage 3.50 The upper
electropositive copper electrode interfaces with the electro-

Figure 5. Single dielectric layer TENG-PENG device (a) structure, (b) working principle, (c−e) voltage measurement, and (f−h) output current
for PVDF, PVDF:PZT and PVDF:PZT-N composite nanofibers.
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negative nanofiber layers; hence, the piezoelectric effect
becomes operative. Due to the applied pressure, stress is
induced within the nanofibers. Hence, the dipoles of the
nanofibers are properly aligned, consequently amplifying the
potential difference, which facilitates the charge transfer from
the bottom electrode to the upper electrode. Thus, it generates
a high output pulse which get superimposed on the output
pulse produced through only triboelectric effect. During the
stage 4 or releasing state, electrostatic induction led to induce
the electron flow between the two electrodes to equalize the
potential difference, enabling charge transfer from the upper
copper electrode to the bottom copper electrode through an
external circuit, consequently generating a negative output
pulse.51 Further, charge neutralization occurs between the
electrodes after complete separation from the triboelectric and
piezoelectric effects.52,53 Ultimately, the device returns to the
initial stage or open/released state characterized by disoriented
dipoles.54 Figure 5c−e illustrates the output voltage waveform
for the triboelectric effect in PVDF, PVDF:PZT , and
PVDF:PZT-N nanofibers, respectively. These figures also
depict the coupled triboelectric and piezoelectric effects
under the same vertical applied force of 0.490 N, tapping
frequency of 2 Hz, and constant area for all three single
dielectric layer TENG-PENG.

The experimental results reveal notable enhancements in the
output voltage when transitioning from the triboelectric region
to the coupled triboelectric and piezoelectric (Tribo + Piezo)
regions for different nanofiber-based devices. For the untreated
PVDF nanofiber TENG-PENG, the output voltage experiences
a 2.5-fold increment in the coupled triboelectric and
piezoelectric regions compared to the solely triboelectric
region. Similarly, the output voltage of the PVDF:PZT

composite nanofiber device reaches 5 V in the coupled
triboelectric and piezoelectric regions compared with the
maximum of 2 V in the triboelectric region alone. Moreover, in
PVDF:PZT composite nanofiber device, PZT is added as a
high dielectric material, which enhances the output voltage
compared to the bare PVDF nanofiber device. Generally, PZT
has showed significantly higher electromechanical coupling
factor and exceptionally good piezoelectric properties, resulting
in greater conversion efficiency of mechanical stress into
electrical current. Thus, the PVDF:PZT composite material
can harness superior piezoelectric properties, thereby amplify-
ing the voltage generated when subjected to mechanical
deformation.55 The PVDF:PZT-N nanofiber-based device
demonstrates an output voltage of 6 V in the triboelectric
region and 9 V in the coupled triboelectric and piezoelectric
regions. Furthermore, the output current at an applied force of
490.3 N is determined for PVDF, PVDF:PZT, and
PVDF:PZT-N, as shown in Figure 5f−h. It is notable that
the electrical output performance was enhanced during the
device conversion state from only triboelectric region to the
coupled triboelectric and piezoelectric regions. As PVDF is a
superior piezoelectric material, upon impacting complete
mechanical pressure, the deformation in PVDF nanofibers
allows easy electron flow through the external circuit for a
shorter duration in response to the piezoelectric potential
change. Further, the reinforcement of PZT corresponds to a
high piezoelectric effect with an excellent dielectric constant,
enhancing the output signal, while Nafion enhances the
electrostatic interactions among the components of
PVDF:PZT-N hybrid nanofibers. Thus, during the close
proximity between the electropositive copper sheet and
nanofiber layers, it responds to the triboelectric effect of low

Figure 6. Area-dependent single-dielectric TENG-PENG device: (a) output voltage versus time and (b) maximum output voltage versus device
area. (c) Output current versus time and (d) maximum output current versus device area.
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voltage. However, upon exerting complete mechanical
pressure, the device state converts from a triboelectric to
coupled triboelectric and piezoelectric regions. The average
output current of the untreated PVDF nanofiber device
increased to 4 × 10−8 A in the coupled triboelectric and
piezoelectric regions, compared to 3 × 10−8 A in the
triboelectric region alone. For the PVDF:PZT composite
nanofiber device, the output current increases from 7 × 10−8 A
in the triboelectric region to 9 × 10−8 A in the coupled

triboelectric and piezoelectric regions. Finally, the PVDF:PZT-
N hybrid nanofiber device exhibit an increase in the output
current from 1 × 10−7 A in the triboelectric region to 1.6 ×
10−7 A in the coupled triboelectric and piezoelectric regions.
Nafion is amphiphilic in nature, which enhances its binding
properties between PVDF and PZT. Thus, the high ionic
conductivity of Nafion due to the perfluorosulfonic acid group
readily distributes the charges within the PVDF:PZT
composites, amplifying the electric field produced within the

Figure 7. Double-dielectric layer area-dependent TENG-PENG: (a) device structure and (b) operational mechanism. (c) Output voltage, (d)
maximum output voltage, (e) output current, and (f) maximum output current with respect to area.
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nanofibers when subjected to the applied mechanical stress.56

The high mechanical strength and flexibility of Nafion
improved the deformation of the PVDF:PZT-N hybrid
nanofibers, facilitating easy charge generation and trans-
portation, eventually enhances the piezoelectric output
response.57 These findings confirm the incorporation of
Nafion enhances the triboelectric and piezoelectric responses
of the PVDF:PZT-N nanogenerators compared to the bare
PVDF. The effectiveness of the coupled TENG-PENG device
also relies on the high surface potential and surface charge
density transferred uniformly within the PVDF:PZT-N hybrid
nanofibers during contact and separation of opposite charge
surfaces.58,59

The device area of the TENG-PENG has produced a
significant influence on output voltage and current. Con-
sequently, we designed single-dielectric TENG-PENG devices
with three different effective areas of 1 × 1 cm2, 2 × 2 cm2, and
5 × 5 cm2 by using optimum PVDF:PZT-N hybrid nanofiber
mat. The area-dependent output voltage with respect to time is
shown in Figure 6a. In 1 cm2 device, the output voltage
increased from 2.64 V in the tribo region to 4.24 V in the
coupled triboelectric and piezoelectric regions. For the 4 cm2

device, the output voltage reached 3.26 V in the triboelectric
region and gradually increased to 9.16 V in the coupled
triboelectric and piezoelectric regions. Notably, the 25 cm2

device exhibited a triboelectric region output voltage of 9.2 V,
increasing to 22.5 V in the coupled triboelectric and
piezoelectric regions. Further, Figure 6b shows the output
voltage dependence corresponds to device area of the TENG-
PENG, highlighting the significant impact of the effective
device area on the output voltage performance. The area-
dependent output current with respect to time is shown in
Figure 6c. A device area of 1 cm2 exhibited an increase in the
output current from 1.17 × 10−7 A for the triboelectric region
to 2.6 × 10−7 A for the coupled triboelectric and piezoelectric
regions. Further, the output current for 4 cm2 exhibits 4.97 ×
10−7 A for the triboelectric region, and gradually increases to
6.6 × 10−7A for the coupled triboelectric and piezoelectric
regions. However, the output current of 5.67 × 10−7 A, shown
for 25 cm2 in the triboelectric region, increases to 9.9 × 10−7 A
for the coupled triboelectric and piezoelectric regions. Figure
6d shows the dependence of the output current on the device
area of a single-dielectric TENG-PENG device.

In the double-dielectric TENG-PENG structure, we
introduced another electropositive dielectric layer consisting
of a PVA thin film underneath the upper copper sheet acting as
a single electropositive electrode, as shown in Figure 7a. The
operational cycle consists of four stages similar as discussed for
single dielectric TENG-PENG device, as depicted in Figure 7b.
The open/released state demonstrated stage 1, where a narrow
air gap of ∼2.5 cm between the electropositive PVA coated
upper copper electrode layer and the electronegative
PVDF:PZT-N nanofiber layers. Here, the dipoles within the
nanofibers are disoriented resulting in no potential difference,
leading to no charge transfer. Further, the device enters to
stage 2 in proximity state during gentle manual tapping. The
upper electropositive copper sheet with PVA comes into close
proximity to electronegative PVDF:PZT-N nanofiber layers,
which leads to the development of opposite charges due to
contact electrification. Further, due to electrostatic induction,
few electrons move from the bottom copper electrode to the
upper copper electrode and produce potential difference.
Overall, transfer of electrons occurs due to the triboelectric

effect generating an output pulse.60 However, after exerting
complete mechanical pressure, the device enters into stage 3.
The upper PVA thin film with copper sheet come into full
contact with the PVDF:PZT-N nanofiber layers and
experienceing stress. The piezoelectric effect induces electric
polarization within the PVDF:PZT-N nanofibers and their
dipoles are almost completely aligned. This leads to the
transfer of maximum charge carriers from the bottom copper
electrode to the upper copper electrode. Thus, the output
pulse is enhanced due to triboelectric and piezoelectric effects,
which are superimposed.61,62 During the releasing stage,
electrostatic induction induces electron flow in the opposite
direction between the two electrodes to equalize the potential,
enabling electron transfer from the upper copper electrode to
the bottom copper electrode, consequently generating a
negative output pulse.51 Subsequently, charge neutralization
occurs between the electrodes after complete separation from
the triboelectric and piezoelectric effects. Finally, the device
returns to the initial stage of the open/released state with
disoriented dipoles. The notable area-dependent output
voltages of the double-dielectric TENG-PENG devices with
three different effective areas of 1 × 1 cm2, 2 × 2 cm2, and 5 ×
5 cm2 are shown in Figure 7c. For the 1 cm2 device, the output
voltage increased from 5.01 V in the triboelectric region to
10.24 V in the combined triboelectric and piezoelectric
regions. In the case of the 4 cm2 device, the output voltage
peaked at 12.26 V in the triboelectric region, steadily
increasing to 20.3 V in the combined triboelectric and
piezoelectric regions. Remarkably, the 25 cm2 device exhibited
a triboelectric region output voltage of 20.15 V, increasing to
40.2 V in the combined triboelectric and piezoelectric regions.
Figure 7d illustrates the dependency of the output voltage on
the area of the double-dielectric TENG-PENG devices,
emphasizing the notable influence of the device area on its
performance characteristics. In addition, Figure 7e depicts the
output current, showcasing the variation in the output current
with respect to the device area. The 1 cm2 device area
exhibited an output current that increased from 3.17 × 10−7 A
in the triboelectric region to 8.36 × 10−7 A in the coupled
triboelectric and piezoelectric regions. Similarly, for the 4 cm2

device, the output current started at 3.17 × 10−7 A in the
triboelectric region and gradually increased to 2.67 × 10−6A in
the combined triboelectric and piezoelectric regions. In
contrast, the 25 cm2 device showed an output current of
3.78 × 10−6 A in the triboelectric region, which increased to
6.98 × 10−6A in the combined triboelectric and piezoelectric
regions. Figure 7f illustrates the dependence of the maximum
output current on the area of the double-dielectric TENG-
PENG device, emphasizing the notable influence of the device
area on its performance characteristics. The rectified voltage
for each area-dependent device is depicted in Figure S7.
Moreover, the kinetics of the coupled triboelectric and
piezoelectric responses are explained through a single-pulse
output voltage corresponding to each state, as depicted in
Figure S8, and the fabricated area-dependent double-dielectric
TENG-PENG devices with their cross sections are shown in
Figure S9. The increase in the effective contact surface area
increases the electrical output performance as it augments the
charge accumulation on the contact area, thus increasing the
charge transfer between the oppositely charged layers,
consequently increasing the output voltage and current.63 In
summary, the double-dielectric PENG-TENG device structure
seems to offer greater promise for generating a higher output
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voltage and current compared to the single-dielectric device
structure when PVDF:PZT-N hybrid nanofibers are used. A
comparative study of single-dielectric TENG-PENG with
different composite materials and double-dielectric TENG-
PENG is presented in Table 1.

3.6. Mechanical Property Analysis. The stability of
mechanical properties is a crucial factor in analyzing the
mechanical energy stored in polymers or composite materials.
Figure 8a demonstrates the storage modulus of PVDF:PZT-N
compared to PVDF:PZT and PVDF. The storage modulus of
PVDF:PZT-N surpasses those of PVDF:PZT and pure PVDF,
reaching approximately 306 Pa. This proves that the
PVDF:PZT-N polymer maintains exceptional stability with a
highly elastic behavior under extreme deformation, imparting
superior mechanical energy storage properties. Additionally,
Nafion serves as an excellent cross-linker between PVDF and
PZT molecules, effectively functioning as a viscoelastic solid.
Furthermore, the strength and stiffness of the nanofibers were
investigated using tensile strength measurement. The tensile
strengths of PVDF, PVDF:PZT composite, and PVDF:PZT-N
hybrid nanofibers were analyzed using stress−strain curves, as
depicted in Figure 8b. It is evident from the observed stress−
strain curves that the PVDF:PZT-N hybrid nanofibers exhibit
significantly higher tensile strength than the PVDF:PZT
composite and PVDF nanofibers. The inset stress−strain
curves corresponding to the yield points of PVDF, PVDF:PZT,
and PVDF:PZT-N nanofibers are ∼0.51, ∼1.06, and ∼1.48
MPa, respectively, as observed from the tangent plot.
Moreover, the fracture points for pure PVDF, PVDF:PZT,
and PVDF:PZT-N nanofibers lie at ∼3.38, ∼5.53, and ∼6.31
MPa, respectively. This demonstrates that the strength of the
PVDF:PZT-N hybrid nanofibers is nearly twice that of the

pure PVDF nanofibers. The enhanced strength and stiffness of
the PVDF:PZT-N hybrid nanofibers could be attributed to the
combined effect of the strong interface interaction of the PZT
nanoparticles and Nafion with the PVDF polymer.64 Addi-
tionally, the excellent tensile strength of the hybrid nanofibers
results from the improved dispersion of PZT within the
PVDF:PZT-N matrix.65 The superior mechanical elastic
characteristics of PVDF:PZT-N are considerable for flexible
and stretchable materials, particularly in applications involving
PENG and TENG devices that demand elastic materials.

The bridge-rectifier circuit diagram is implemented, as
shown in Figure 9a, and designed on the breadboard with a
TENG-PENG device interconnected with LEDs and a
segment display board, as shown in Figure 9b. Consistent
manual tapping of the TENG-PENG device generates an
alternating current (AC) signal. The bridge rectifier circuit
converts the AC signal into direct current (DC), which
illuminated the display board showing number “seven”,
multiple green LED, and IITM LED display board, as shown
in Figure 9c,9d,9e respectively. Moreover, a movie of flashing
LEDs and displays is attached to a video file (Supporting
Material). This energy conversion process is facilitated by the
generation of charges, their separation, and the flow of charges
between the copper sheets, PVA sheets, and PVDF:PZT-N
nanofiber mat.66

4. CONCLUSIONS
In conclusion, our study successfully demonstrated the
fabrication of well-dispersed Nafion-incorporated PVDF:PZT
hybrid nanofibers, exhibiting a remarkable enhancement in the
β phase compared to bare PVDF nanofibers. The PVDF:PZT-
N hybrid nanofibers exhibited an impressive increase in surface
potential, reaching approximately 175 mV. These hybrid
nanofibers were utilized in the construction of a single-
dielectric layer TENG-PENG, where the synergistic effects of
triboelectricity and piezoelectricity significantly boost the
output voltage and current, recorded 22.5 V and 1 μA,
respectively. Subsequently, a remarkable enhancement in the
double-dielectric TENG-PENG device was observed for the
maximum output voltages and currents of 40 V and 7 μA,
respectively. Furthermore, the elastic threshold of the
PVDF:PZT-N nanofibers exhibited noteworthy progress to
1.48 MPa. However, certain limitations of PVDF:PZT

Table 1. Comparative Study of the Output Responses for
Different Coupled TENG-PENG Devices Based on the
Composite Nanofibers Development

fabricated device
developed
materials

TENG-PENG
voltage (V)

TENG-PENG
current

single dielectric PVDF 3.9 40 nA
PVDF:PZT 4 90 nA
PVDF:PZT-N 22 1 μA

double dielectric PVDF:PZT-N 40 7 μA

Figure 8. (a) Storage modulus versus frequency and (b) stress−strain curves of PVDF, PVDF:PZT, and PVDF:PZT-N nanofibers.
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composite nanofibers unveil challenges in achieving uniform
PZT dispersion, limited frequency response, and meager
vibration capture, which hinder their widespread adoption in
nanogenerators. Moreover, PVDF:PZT-N nanofibers rein-
forced with flexible and stable Nafion demonstrated the
capability of illuminating multiple LEDs through manual
tapping. This innovative TENG-PENG technology introduces
exciting prospects for propelling advancements in mechanical
energy harvesting, thereby facilitating the pursuit of sustainable
solutions for powering underwater wireless sensors and
biomedical applications.
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