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Abstract— The progress in smart wearable electronic devices &
systems demands portable and environment-friendly power
sources. In recent, piezoelectric polymers have shown huge
potential in the development of feasible energy sources for smart
wearable, implantable biomedical devices and autonomous
applications to replace hefty batteries, owing to their inherent
polarization emanating from crystal structures or molecular
rearrangements of materials. Herein, we fabricated a flexible and
light-sensitive piezoelectric nanogenerator (PENG) based on
electrospun hybrid nanofibers of polyvinylidene fluoride-
trifluoroethylene and N,N'-bis(1-ethylpropyl)-perylene-3,4,9,10-
tetracarboxylic diimide (PVDF-TrFE:PDI) that can efficiently
convert mechanical energy into electrical domain. The
incorporation of PDI molecules significantly improved the
crystallinity and p-phase content in PVDF-TrFE:PDI hybrid
nanofibers and induced a higher piezoelectric response. Moreover,
the optoelectronic investigations confirm that PVDF-TrFE:PDI
hybrid nanofibers can absorb/emit light in the visible regime. The
effect of doping dye in PVDF-TrFE was thoroughly investigated
both in the dark and white light illumination. Piezoelectric
properties of nanofibers were evaluated by using piezoresponse
force microscopy (PFM) and piezometer. Hybrid nanofibers
exhibited ~ 41% improvement in the piezoelectric coefficient (d33)
and a significant rise ~ 9.75% in the current (~ 4 nA) and voltage
(~ 1.14 V) for an optimum concentration of PDI (0.2 wt%). The
experimental results of this study might have significant
ramifications for various applications in biomedical and self-
powered wearable sensor devices & systems.

Index Terms— Electrospinning, Piezoresponse force microscopy,
Fluorescent microscopy, PVDF-TrFE, Piezoelectric
nanogenerators, Self-powered wearables.

I. INTRODUCTION

‘ x ’ ITH the recent advancement of the ubiquitous
internet of things (IoTs), portable and self-powered
wearable gadgets, conformable and small-scale

power generation demand has escalated [1-3] to communicate
mutually and integrate the information & communication
technology to contemporary world. Rechargeable power and
renewable energy have attracted significant attention due to the
depletion of non-renewable energy resources, mismatch in
supply chain and various environmental hazards such as global
warming and climate change. Electrical power sources (i.e.
energy harvesters) and other kinds of renewable energy
resources are emerging alternatives to these challenges. The use
of nanomaterials to convert different energies (including
thermal, solar, wind, tidal, and so forth) into electrical energy
have been intensively investigated [4-7]. Mechanical vibration
is a renewable energy source that possesses the features of
continuity, independence, easy access, and widespread
existence, which usually occur in our day-to-day activities.
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Although, it is largely unheeded and wasted, because of its
dispersed form, small energy density, low frequency and
utilization rate etc. Thanks to piezoelectric materials
engineering advancement, a kind of energy harvester; which
transform mechanical energy into electrical energy or
conversely via direct or inverse piezoelectric effects [8, 9], also
they have a wide range of applications in electromechanical
disciplines [10-12]. Among these materials, piezoelectric
polymers have drawn the interest of many researchers due to
their inherent attributes (processability, flexibility, etc.) as
compared to ceramics and other counterparts. Polymer-based
piezoelectric nanogenerators (PENG) are significant in the
development of self-powered electronic devices [13, 14] such
as pressure sensors [15, 16], health monitoring devices [17] and
energy harvesters [16, 18], due to their flexibility, ease of
fabrication, and low cost. Fluorinated polymers such as
polyvinylidene fluoride (PVDF) and its copolymers are being
investigated for developing polymeric piezoelectric devices,
because of its non-toxicity, superior chemical
resistance, thermal stability and remarkable piezoelectric
coefficient (ds3). PVDF, being a semi-crystalline polymer, has
a complex structure with at least five crystalline phases (a-, -,
v-, 6- and e-phase) [19, 20]. Whereas, a- and B-phases are the
most prominent forms, each with its own set of electrical
characteristics. Because of the trans-planar zigzag
conformation (TTTT), the B-phase has the greatest spontaneous
polarization, while a-spherulites (trans-gauche structure,
TGTG) are the thermodynamically desirable forms with non-
polar crystalline phases [21, 22]. As a result, numerous
techniques have been developed to obtain the polar B-phase
while inhibiting the non-polar a-phase in PVDF polymeric
materials such as applying a strong electric field, mechanical
stretching, electrospinning and doping etc. [23-29]

To fabricate nanofibers-based PENGs, electrospinning has
emerged as a remarkable technique for producing submicron
level nanofibers from a wide range of polymeric materials [24,
30]. Electrospun nanofibers are used in various applications
such as filtration, biomedical applications, sensor devices,
chemical protection, lithium-ion membrane separators, etc.
[31]. Electrospinning induces electrical polarization in the
polymer solution and the cone-jet mechanically stretches the
polymeric jet to the grounded electrode [32]. It is an efficient
technique for producing PVDF nanofibers with a high f—phase
fraction and crystallinity by aligning molecular dipoles (-CH»
and -CF3) in the direction of an applied voltage/electrical field
[33]. Recent reports in the field of energy harvesting have
delivered some astonishing results using electrospun
nanofibers. Baozhang et al produced hybrid nanofibers by
electrospinning PVDF-reduced graphene oxide, resulting in a
considerable increase in B-phase and an output voltage of 46 V
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as well as a power density of 18.1 uW cm [34]. Siddiqui et al
applied finger tapping on PVDF-TrFE-BaTiO; hybrid
nanofibers to generate 3.4 V and 2.28 uW/cm? of voltage and
power, respectively. Yu ef al discovered that adding 5% multi-
walled carbon nanotubes (MWCNT) to the PVDF
electrospinning solution enhanced both crystallinity and -
phase [35]. Moreover, Ma et al developed electrospun hybrid
PVDF/ZnO nanofibers, the inclusion of ZnO nanowires (NWs)
increased the transition from a-phase to B-phase in PVDF
isolated fibers. The addition of 33 wt % ZnO NWs increases the
output voltage by nearly three times compared to pure PVDF
nanofiber. On top of this, ZnO N'Ws can act as piezoelectric as
well as photoconductive material [36].

In particular, hybrid nanofibers exhibit improved
mechanical, electrical, and piezoelectric capabilities compared
to conventional nanofibers. In this study, a lightweight, flexible
and light-sensitive PENG based on polyvinylidene fluoride-
trifluoroethylene:N,N'-bis(1-ethylpropyl)-perylene-3,4,9,10-
tetracarboxylic diimide (PVDF-TrFE:PDI) hybrid nanofibers
have been developed by using electrospinning technique for
harvesting mechanical energy. Adding crystalline and light
absorbing PDI to the PVDF-TrFE polymer solution and
improving its piezoelectric properties is a new approach that has
not been attempted before. A series of experiments under
vertical stress and bending angle have been conducted both in
the dark and white light exposure conditions, to analyze the
energy conversion. Experimental results reveal that PENG
device presented here shows the significant improvement in
piezoelectric properties on mechanical deformations. The light-
sensitive nature of PVDF-TrFE:PDI hybrid nanofibers signifies
that they might be used in photonic devices, photodetectors,
micromechanical systems, colorful wearable smart gadgets, etc.

II. EXPERIMENTAL

A. Materials

PVDF-TrFE (Solvene 300/P300, CAS 28960-88-5), acetone,
and N,N-dimethylformamide (DMF) were acquired from
Sigma-Aldrich (UK), Perylene Diimide (PDI) was purchased
from Solarmer Energy, Inc. and ITO coated flexible PET sheets
were acquired from Optochem International. Alkaline liquid
soap, and isopropyl alcohol used for cleaning the substrates
were purchased from S D fine-Chem Ltd.

B. Preparation of PVDF-TrFE Solution

The following steps were followed to make the solution of
PVDF-TrFE, DMF, and acetone in the weight ratios of
24:56:20. PVDF-TrFE powder was dissolved in DMF and then
blended for at least 8 hours on a hot plate at 70 °C using a
magnetic stirrer. The mixture was then added to acetone and
mixed without heating for at least 5 hours, until the solution had
a consistent viscosity and a clear appearance. At last, the
various concentrations of PDI in weight % (0.1, 0.2, 0.4 and
0.6) with respect to PVDF-TrFE were added to the final
solution.

C. Nanofibers Deposition

The ITO-coated flexible PET substrates were first cleaned
sequentially under sonication in soap water, deionized water
(DI), and isopropanol for 20 min in each solvent. After
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cleaning, the substrates were dried with a nitrogen gun, then
treated with UV-ozone for 20 min. In particular, a 2.5 mL
syringe with a needle of diameter 9.8 mm was filled with
PVDF-TrFE:PDI solution and was fixed on a syringe pump in
Super-ES-2  (E-Spin Nanotech) system. After setting
parameters in programmed software, the solution was pumped
at a rate of 0.8l s™!, with the needle maintained at a positive 15
kV bias, and fiber collector was kept electrically grounded. The
collector was kept 14 cm away from the spinneret. The PVDF-
TrFE:PDI hybrid nanofibers were electrosprayed continuously
on the ITO-coated PET substrate until the thick sheet of
nanofibers was deposited.

D. Optical Characterizations

UV/VIS/NIR spectrometer (Lambda 750, PerkinElmer) was
used for the UV-Visible spectra characterization.
Photoluminescent (PL) spectra were measured by using Cary
Eclipse Fluorescence Spectrophotometer (Agilent
Technologies).

E. Morphological Characterizations

Scanning electron microscope (SEM) images were acquired
using a field emission scanning electron microscope (Zeiss
Gemini 500, Carl Zeiss Microscope) equipped with a 5 kV
EHT. Nikon DS-Qi2 microscope was used for capturing the
fluorescent images, where a green laser source was used for the
excitation of deposited nanofibers. SmartLab X-Ray
Diffractometer (Rigaku) was used for the XRD spectra
characterization.

F. Piezoresponse Force Microscopy

Individual PVDF-TrFE nanofibers and PVDF-TrFE:PDI
hybrid nanofibers were investigated using AFM (Bruker,
Dimension ICON PT) on a gold-coated silicon slide grounded
to the AFM stage. To perform the PFM measurements, a
conductive AFM probe (MESP) having a diameter 10 nm with
a nominal spring constant of 3 Nm™' and resonant frequency, o
= 75kHz was used. PFM recorded the mechanical response
when an electric field is applied to the sample with a conducting
tip of AFM. PFM was operated in a contact mode with
additional alternating voltage applied to the conductive tip. The
voltage-induced deformation of the sample was sensed by the
tip and the resulting oscillations of the cantilever were
measured with the help of a lock-in amplifier. PFM ramp
measurements were conducted at a frequency lower than the
contact resonant frequency of the sample cantilever to minimize
amplification. To measure the amplitude-voltage and phase-
voltage loops of pure PVDF-TrFE and PVDF-TrFE:PDI hybrid
nanofibers, ramp measurements were taken at +12 to -12
voltage range.

G. Electrical Characterizations

Electrical characteristics of the PENG device were measured
with an electrical probe setup attached to Keithley 4200A-SCS
(Tektronics) parameter analyzer and Digital Storage
Oscilloscope, DSO1052B (Agilent Technologies). YE2730A
ds3 Piezometer, supplied by APC International, Ltd. was used
for the measurement of the ds; coefficient.
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III. RESULTS AND DISCUSSION

The chemical structure of polyvinylidene fluoride-
trifluoroethylene (PVDF-TrFE) and N, N'-bis(1-ethylpropyl)-
perylene-3,4,9,10-tetracarboxylic diimide (PDI) a derivative of
perylene diimide is shown in Fig. 1a and Fig. 1b, respectively.
There are various sophisticated piezoelectric materials designs
and systems that have been studied to achieve desirable high
performance for the energy harvesting applications, such as
PVDF, PVDF-TrFE, and others; nevertheless, the outputs have
not been up to the mark. Certainly, PVDF-TrFE exhibits

(a) (b)
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o N o
PVDF-TrFE PDI

Fig. 1. Chemical structure of (a) PVDF-TrFE and (b) N,N'-bis(1-ethylpropyl)-
perylene-3,4,9,10-tetracarboxylic diimide (PDI).

superior properties over PVDF for instance of remnant
polarization, inducing higher electromechanical coupling
factors, which further results in better mechanical-to-electrical
conversion efficiency [37]. The piezoelectric property of
PVDF-TrFE, which is linked to its B-phase composition, makes
it suitable for the fabrication of PENGs in the field of energy
harvesting [33, 38]. The PDI dye used as a dopant in this study
is a multi-aromatic substance with an extended quadrupolar ©
system. The perylene diimide molecules have a tendency to
form self-aggregated nanostructures due to the strong m-m
interaction/stacking between side chains. PDI-derivatives are

thermally and photodynamically stable, absorb effectively in
the visible spectrum, and exhibit ambipolar charge transport
characteristics [39, 40]. In recent times, researchers altered the
molecular dipole moment in PDI derivatives to generate a built-
in electric field between the center portion and terminal
substituents for improving the dissociation of the
photogenerated electron—hole carriers [41, 42]. Non-covalent
self-assembled supramolecular PDI and its derivatives have
been used in numerous applications, including photocatalysts in
organic pollutant degradation, biosensing, field-effect
transistors, photovoltaic cells, visible light water splitting, and
pigments [41, 43-46].

The PVDF-TrFE:PDI hybrid nanofibers were fabricated by
electrospinning technique (Fig. 2) as discussed in the
experimental section in more detail. To enhance the
crystallinity, samples were annealed at an optimum temperature
of 125 °C, since annealing PVDF-TrFE nanofibers between the
curie and melting temperatures (in the paraelectric phase) lead
to a ~70% increase in crystallinity as reported in the literature
[47]. Finally, the fabricated PVDF-TrFE:PDI hybrid
electrospun nanofibers were processed for optoelectronic and
piezoelectric characterizations.

A. Optical and Morphological Analysis

The optical characteristics of the PDI and PVDF-TrFE:PDI
hybrid nanofibers with different concentrations of PDI were
characterized by UV-visible and PL spectra as illustrated in Fig.
SI-1, supplementary information. The absorption spectra of
PDI shows prominent absorption peaks centered around 340,
500, and 560 nm (Fig. SI-1a, supplementary information).
Notably, the intensity of the absorption peaks has shown a
significant rise as the concentration of PDI increases in the
PVDF-TrFE:PDI hybrid nanofibers compared to that of pure
PVDF-TrFE nanofibers as demonstrated in the Fig. SI-1b
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Fig. 2. Schematic diagram of process flow for the fabrication of electrospun PVDF-TrFE:PDI hybrid nanofibers-based PENG device.
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(supplementary information). PDI absorb the maximum light
at the wavelength of 500 nm as displayed in Fig. SI-1a.
Accordingly, we have excited PDI film, PVDF-TrFE and
PVDF-TrFE:PDI hybrid nanofibers with excitation wavelength
(Aexc.) of 500nm in order to study the optical properties. PL
spectra for PDI and PVDF-TrFE:PDI hybrid nanofibers are
shown in Fig. SI-l¢c and Fig. SI-1d (supplementary
information), respectively. PL Intensity is nearly negligible in
the hybrid nanofibers for the PDI concentration till 0.2 wt%
(Fig. SI-1d), which is also indicating PL quenching of PDI
excitons and contribution to the free charge carrier generation
in the presence of white light. Consequently, a slight increase
in output current has been noticed in the presence of light.

Moreover, to investigate the morphology and distribution of
PDI in fabricated nanofibers, the PVDF-TrFE and PDI-doped
PVDF-TrFE:PDI hybrid nanofibers were examined by field
emission scanning electron microscope (FESEM) and
fluorescent microscope (FL) as shown in Fig.3. FESEM images
for pure PVDF-TrFE and hybrid nanofibers fabricated using
different concentrations of PDI in 0.1, 0.2, 0.4, and 0.6 wt% are
shown in Fig. 3a—e & Fig. SI-2a-e (high resolution FESEM
images). The diameters of the nanofibers were found to be in
the range of 90 to 260 nm by accumulating the statistics from
over 100 plus nanofibers in a series of FESEM images for each
sample fabricated with varying PDI concentrations.
Additionally, the fiber surface was smooth and no visible beads
were observed as the PDI concentration increased till 0.2 wt%
(Fig. SI-2). However, increasing PDI concentration beyond 0.2
wt% leads to the surface roughness of 51-70 nm and beads
formation which can also be observed in FL images. The hybrid
nanofibers start emitting light where PDI molecules aggregate
(Fig. 3f-j), which follows the same trend as observed in the PL
spectra.

B. XRD Analysis

To obtain more insight into the polymorphism of the
fabricated hybrid nanofibers, their X-ray diffraction (XRD)
spectra were investigated. XRD spectra for PDI and PVDF-
TrFE nanofibers with varying concentrations of PDI (0 - 0.6
wt%) are shown in Fig. SI-3a & SI-3b (supplementary
information). The prominent diffraction peaks for PDI were
recorded at 26 values of 5° and 18°. The characteristics peaks
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for PVDF-TrFE recorded around 20° are correlated to all-trans
conformation and indicate the Bragg diffraction of B-phase as
reported previously in the literature [48, 49]. Hence, it can be
inferred that sharp and wide diffraction peaks at 20° for PVDF-
TrFE:PDI hybrid nanofibers (Fig. SI-3b, supplementary
information) correspond to the 110/200 reflection planes of
crystalline B-phase. The XRD curves of the hybrid nanofibers
doped with optimum concentration of PDI (~ 0.2 wt%) show a
significant variation in the peak intensity of B-phase in
comparison to that of pure PVDF-TrFE nanofibers. This
confirms that the presence of PDI leads to enhance the f-phase
content in the PVDF-TrFE:PDI hybrid nanofibers. This
enhancement in B-phase content of PVDF-TrFE:PDI hybrid
nanofibers might be induced due to interaction between PVDF-
TrFE and crystalline PDI molecules, which causes the polymer
chains to be entrenched in the crystalline B-phase.

C. PFM Analysis

The piezoelectric response of pure PVDF-TrFE and PVDF-
TrFE:PDI hybrid nanofibers with various concentrations of PDI
(0.1-0.6 wt%) was evaluated by using PFM technique to verify
the orientation of B-phase content. Topology, amplitude, and
phase-contrast micrographs are depicted in Fig. 4(a-e), Fig. 4(f-
j), and Fig. 4(k-0), respectively. PFM amplitude for different
concentrations of PDI is shown in Fig. 4p. Individual PVDF-
TrFE and PVDF-TrFE:PDI hybrid nanofiber was scanned with
an area of 5 x 5 um? using an AFM tip with harmonic V,.0f 1.6
V. Because of the deflection generated by the applied AC field,
the amplitude image has a significant piezoelectric contrast.
The phase image of the PVDF-TrFE:PDI hybrid nanofiber
clearly shows both negative and positive values, confirming the
presence of antiparallel ferroelectric nanodomains with 180°
domain walls [50]. The brown areas represent negative domains
with downward orientation and the polarization direction
perpendicular to the nanofiber’s surface, whereas the bright
areas represent positive domains with upward orientation and
the polarization direction perpendicular to the nanofiber's
surface. As indicated by the well-defined piezoelectric
domains, the elongated crystallites reflect the homogenous f3-
phase [50]. As a result, the nanodomains in the PVDF-
TrFE:PDI hybrid nanofiber align perpendicular to the nanofiber
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Fig. 3. (a-e) FESEM and (f-j) fluorescent (FL) microscopic images of the PVDF-TrFE:PDI hybrid nanofibers with varying concentrations of PDI.
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(k-0) PFM phase (p) PFM amplitude behavior with respect to PDI concentrations and (q) ds3; behavior for different PDI concentrations.

in the z-axis direction. Moreover, the PFM signals are nearly
nonpolar, indicating that the polar-phase nanocrystals display
significantly more piezoelectricity perpendicular to the fiber
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Fig. 5. (a) Butterfly-shaped amplitude-voltage loop for PVDF-TrFE nanofiber
w/o PDIL, (b) phase-voltage loop for PVDF-TrFE nanofiber w/o PDI, (c)
butterfly-shaped amplitude-voltage loop for PVDF-TrFE:PDI hybrid
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TrFE:PDI nanofiber with PDI conc. (0.2 wt%).
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axis. The pure PVDF-TrFE nanofiber has a lesser piezoelectric
response than the PVDF-TrFE:PDI hybrid nanofiber.

To quantify the volume change when a piezoelectric material
is subject to an electric field, or the polarization on the
application of a stress, dsz coefficient was computed. The d3;3
coefficient of the pure PVDF-TrFE nanofibers and PVDF-
TrFE: PDI hybrid nanofibers with varying concentrations of
PDI (0.1-0.6 wt %) was measured by the ds; piezometer. Fig.
4q shows the ds;3 for the pure PVDF-TrFE and hybrid
nanofibers doped with different concentrations of PDI. Initially,
the ds3 value increases as the concentration of PDI increases to
0.2 wt %, but a further increase in the PDI concentration leads
to a decrease in the ds3 value of hybrid nanofibers.

In order to analyze the local piezoelectric response properties,
the piezoelectric response loops were recorded under the
influence of an electric field as shown in Fig. Sa-d. PVDF-
TrFE:PDI hybrid nanofibers exhibit butterfly-shaped amplitude
against tip bias (V), loop curves showing forward and reverse
voltages of 12 and -12V, respectively. At the DC bias of -10 V,
the highest amplitude of the piezoelectric signal was recorded
at 800 uV. As illustrated in Fig. Sb&5d, the PFM phase of the
PVDF-TrFE and PVDF-TrFE:PDI hybrid nanofiber shows a
180° switching in dipole moments between the applied positive
and negative biases. It can be observed that both the amplitude-
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voltage loops and the phase-voltage loops have excellent
repeatability. Piezoresponse recorded for the PVDF-TrFE:PDI
hybrid nanofiber demonstrates that the direction of electrical
dipoles is normal to the substrate. PVDF-TrFE:PDI hybrid
nanofibers have shown improved piezoelectricity than that of
pure PVDF-TrFE nanofibers. Additionally, superlative
piezoelectricity in this direction is because of high -phase
content and well-aligned electrical dipoles.

D. Electrical Properties Analysis

The pictorial image of fabricated PVDF-TrFE: PDI hybrid
nanofibers-based PENG devices with different concentrations
of PDI is illustrated in Fig. SI-4 (supplementary
information). Fig. 6a depicts the fabricated PENG device in
hand and Fig. 6b is FESEM micrograph of the nanofibers. Fig.
6¢ shows the experimental setup used for the measurement of
electrical characteristics. In order to examine the electrical
response for the fabricated PENG under bending at a specific
angle, a device stage with one fixed and other movable arm was
used as shown in Fig. 6d. Piezoelectric output current and
voltage waveforms of PENG devices measured in dark and
white light illumination conditions for vertical stress and
bending as illustrated in Fig. SI-5 and Fig. SI-6
(supplementary information), respectively. Furthermore, Fig.
7 depicts the waveforms of output current with respect to time

Fig. 6. Illustration of (a) fabricated PENG device, (b) micrograph of fabricated
nanofibers recorded using FESEM, (c) PENG device measurement using
Keithley 4200A-SCS parameter analyzer setup, and (d) magnified image of
PENG device on angle measurement stage.

nanofibers have been illustrated in Fig. SI-7 and Fig. SI-8
(supplementary information), respectively. Initially, both
current and voltage increase as the concentration of PDI
increases up to 0.2 wt%. However, a further rise in PDI
concentration results in a decrease in the current and voltage of
hybrid nanofibers. Experimental results confirm that doping of
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Fig. 7. Piezoelectric output current waveforms for pure PVDF-TrFE nanofibers and PVDF-TrFE:PDI hybrid nanofibers (PDI conc. 0.2 wt%) based PENG devices

(a) Stress = 312.01 Nm™ (force = 0.098 N) and (b) bending angle = 45°.

in the pure PVDF-TrFE and PVDF-TrFE:PDI hybrid
nanofibers-based PENG devices under vertically applied stress
= 312.01 Nm? (force = 0.098 N) and bending angle 45°. It is
observed that there is no relative change in the current and
voltage when stress and bending are applied to the pure PVDF-
TrFE nanofiber-based PENG device in the dark and white light
exposure conditions. On the other hand, there is a significant
rise in the current (~ 4 nA) and voltage (~ 1.14 V) in the case of
PENG device doped with optimum concentration of PDI (0.2
wt%) under white light exposure conditions. The behavior of
piezoelectric output current and voltage (Vmax) with respect to
varying concentrations of PDI in PVDF-TrFE:PDI hybrid
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(b)

Fig. 8. Picture of flashing LED using PENG device (a) under vertical stress and
(b) finger bending.
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PDI in PVDF-TrFE has enhanced the piezoelectric properties
of PVDF-TrFE:PDI hybrid nanofibers in the dark as well as in
white light illumination.

Fig. 8 shows the fabricated PENG prototype device and
electronic circuit implemented on the breadboard. A light-
emitting diode (LED) illuminated by applying the PENG device
under vertical stress and finger bending is shown in Fig. 8a and
Fig. 8b, respectively. A complete bridge rectifier circuit, as
shown in the inset of Fig. 8a has been employed to convert the
harvested alternate output voltage acquired from the periodic
force impact as displayed in Fig. SI-6 (supplementary
information) to a direct voltage.

IV. CONCLUSIONS

In summary, a flexible and light-sensitive bimodal PENG has
been successfully fabricated with electrospun PVDF-TrFE:PDI
hybrid nanofibers. Multiscale experiments have been conducted
to analyze the piezoelectric and mechanical-to-electrical
conversion properties in dark and white light illumination. The
XRD spectra of pure PVDF-TrFE nanofibers and PVDF-
TrFE:PDI hybrid nanofibers confirm that the doping of dye
induced a remarkable increase in B-phase content, which further
improved the piezoelectric and mechanical-to-electrical
energy-conversion properties of PENG device substantially.
Moreover, UV-Visible and PL spectra reveal that the inclusion
of PDI enhanced the optoelectronic properties of PVDF-
TrFE:PDI hybrid nanofibers. It is determined that the addition
of PDI with optimum concentration (0.2 wt%) in the PVDF-
TrFE resulted in ~ 41% improvement in the ds3 coefficient and
a significant rise (~ 9.75%) in the current (~ 4 nA) and voltage
(~ 1.14 V) in the white light illumination. The change in voltage
output always follows the same pattern as the change in current
output and both electric outputs alter in a manner that is
analogous to the change in the amount of crystalline phase
present in nanofibers. These new insights might be useful in the
development of piezoelectric nanofibrous devices for a variety
of applications in the energy harvesting fields and self-powered
wearable devices.
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