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Abstract

In this study, both the optical and piezoelectric properties of polyvinylidene fluoride (PVDF) electrospun nanofibers were
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investigated at different needle-to-collector distances of the electrospinning process-at constant applied high voltage. For
piezoelectric characterization, the fabricated nanofiber mats were subjected to applied forces, including cyclic force, vari-
able frequency-based loads, and free-falling masses (impulse loading), along with power density analysis for different load

resistance values. In addition, both optical absorbance and transmittance measurements were conducted to evaluate the opti-
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cal properties of the fabricated nanofibers. The piezoelectric analysis demonstrated the best piezoresponse of the fabricated
nanomats at a needle-to-collector distance of 15 cm and high voltage of 22 kV. However, a trade-off between piezoelectric
response and optical transmissivity was observed based on the electrospinning distance parameter. The relatively higher
optically transparent sample exhibited only moderate piezoelectric response, while the less transparent sample displayed
the highest piezoelectric activity. Based on the optimized sample and piezoelectric analysis, the synthesized nanofiber mat
was subjected to applied mechanical stress in the form of variable velocity and momentum loads. A maximum potential of
approximately 16 V was harvested through velocity and momentum impact, especially with the addition of a double-layer
PVDF membrane. Furthermore, the sensing effect of airflow pressure on single/double-layer PVDF was studied. The single-
layer PVDF membrane generated 79 mV under an airflow speed of 21 km/h, while the double-layer membrane produced
114 mV potential under the same airflow. This study highlights the diverse applications of PVDF nanofiber mats as multi-
functional sensors and energy harvesting applications from mechanical shocks and airflow impact.
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Introduction

Nanotechnology involves engineering active systems at a
scale of 107 m, enhancing the surface-to-volume ratio and
interatomic interaction. It is highly sought after in material
science, industrial sectors, and research areas. Nanostruc-
tures such as nanoparticles, nanowires, nanofibers, and
nanolayers have several fascinating properties that make
them the foundation for any nanotechnology-based appli-
cations.'™ One-dimensional nanomaterials with nanoscale
diameter or thickness, especially nanofibers, have been
extensively studied due to their captivating properties such
as excellent mechanical strength, high porosity with small
pore size, easy reusability, and flexibility.>® Nanofiber
production involves natural and synthetic materials, with
polymers being the most popular due to their flexibility,
recyclability, low cost, and affordability. Techniques for
fabrication include phase separation, template synthesis,
drawing, electrospinning, and self-assembly. Advance-
ments in polymer science and chemistry have led to the
generation of synthetic nanofibers.” Electrospinning is
the most cost-effective and simple method for developing
efficient nanofibers. This non-interrupted process involves
electrifying liquid droplets under a kilovolt electric poten-
tial, resulting in elongated and stretched jets, forming
ultrathin, fine nanofibers as shown in Fig. 1. Electrostatic
repulsion distorts droplets into Taylor cones, increasing

+ +
+ S+
+ +

Taylor +

surface area and suppressing repulsive forces. As voltage
increases, the repulsive force becomes unstable, ejecting
a charged jet from the conical drop tip.>?

Electrospun nanofibers are in high demand due to their
applications in filtration, smart textiles, protective clothing,
cosmetics, sensors, energy harvesting, electrical, and bio-
medical fields.!® A variety of piezo materials are studied
for electrospun nanofibers, especially for application in the
fields of sensing and energy harvesting. Polymers are a com-
mon alternative for piezoelectric conversion because of their
versatility, low cost, variety of manufacturing techniques,
light weight, and recyclability in comparison with other
piezomaterials such as crystals and ceramics. "2

The unique phenomenon known as piezoelectricity is
the production of electrical energy from mechanical energy
without the need for an external voltage input. The elemental
structure connected to the crystal lattice is disrupted when
an external mechanical force is applied to piezomaterials.
The positive and negative charges are kept in a balanced
equilibrium in the case of a typical crystalline structure.
When a mechanical stress is applied, the balanced equilib-
rium is disturbed, leading to an uneven dipole configuration
and the subsequent creation of electrical charge. This occurs
by the deformation of the internal crystal structure and dis-
ruption of charge balance, and as a result, positive and nega-
tive charges are separated, and the neutrality of the material
is destroyed. This phenomenon, referred to as spontane-
ous polarization, is caused by the displacement of electron

/— Syringe

Polymer
solution

cone 4
o b

Polymer fiber

Collector
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s v power supply

plate \,%
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Fig. 1 Electrospinning experimental set up used for the fabrication of nanofiber membrane.
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clouds relative to their individual atomic centers, that is,
displacement of positive ions relative to negative ions within
their crystal cells producing electric dipoles. The abovemen-
tioned displacement is called electric charge density dis-
placement (D). The performance of a piezoelectric material
mainly depends on the associated electric dipoles and their
symmetry. Non-centrosymmetric crystals are more suscepti-
ble to the piezoelectric effect, and they exhibit piezoelectric
responses upon application of an external mechanical stress.
The reverse of this effect occurs when an applied electrical
voltage results in mechanical deformation, and this effect is
called the converse piezoelectric effect. Sensors and trans-
ducers are based on the principle of the direct piezo effect,
and actuators operate under the principle of the converse
piezo effect.

Direct piezoelectric effect generated across a material can
be expressed by the following equation,

D=dxT+eXE, (1

Here, the electric charge density displacement is repre-
sented by D, T represents the applied mechanical stress, €
represents the material permittivity, the piezoelectric coeffi-
cient (piezoelectric charge constant) is represented by d, and
the electric field is represented by E. A higher voltage output
can be generated for a material with higher d value for the
same amount of mechanical deformation. This value clearly
indicates the piezo activity of the material. The piezoelectric
charge constant d is defined as the polarization produced for
unit mechanical stress applied on the material. This piezoe-
lectric charge constant represents a third rank tensor where it
couples between a second rank tensor or vector for stress and
a first rank tensor for generated electric potential. Piezoelec-
tric coefficient(d;) is an anisotropic physical quantity and
thus in general it relates input parameters (applied mechani-
cal stress) to output parameters (direction of polarization or
electric displacement) associated with piezoelectricity using
double subscript. Piezoelectric charge coefficient is a third
rank tensor that can be expressed as 3 X 6 matrix that cor-
relates charge displaced unit area associated with an applied
stress according to the relation,

D; = d;T;

where d;; represents piezoelectric charge coefficient (C//N),
D, represents dielectric displacement (C/m?), with i denoting
the direction of charge motion, and 7 is the applied stress,
with j denoting the direction of applied stress. Thus, d;;
relates the ratio of charge motion along the third axis (z)
to the stress applied along the third axis (z), assuming the
electrodes shorted and no other stress is present. Stress rep-
resents the applied force acting over the surface area of a
material. In other words, we can say that d,; means induced
polarization along the z-axis per unit stress applied along

the z-axis. Here, subscripts 1, 2, and 3 are used for x, y, and
z directions, and shear about these axes is represented by 4,
5, and 6. In the case of d,, the directions of polarization and
applied force are parallel to each other. The d5; value of a
material clearly indicates the relationship between crystal-
lization and piezoelectricity.!*!4

Materials generating a piezo effect that can be easily elec-
trospun into nanofibers mainly include polymers. Polymers
that exhibit a piezo effect include natural and synthetic types.
Some of the natural organic materials that exhibit a piezo
effect include gelatin (d5; =20 pC/N), silk (d;3=38 pC/N),
and PLLA (d;;=27 pC/N). Poly(L-lactide) (PLLA) is a pie-
zoelectric polymer with adequate piezoresponse obtained by
the ring opening polymerization of an L-lactide monomer. In
addition to these, cellulose and chitin also have appreciable
piezo activity with less mechanical stability.!> Some of the
synthetic semicrystalline polymers that exhibit piezoelectric
properties mainly include polyvinylidene fluoride (PVDF;
d33,=20-40 pC/N) and its copolymers trifluoethylene, nylon
66, and poly ureas.'® A variety of amorphous polymers also
exhibit piezoelectric behavior and this category includes pol-
yvinyl chloride (PVC), polyacrylonitrile (PAN), and polyvi-
nyl acetate (PVAc). The main attractive properties that pro-
mote these polymers for piezoelectric applications include
their high impact resistance, low acoustic and mechanical
impedance, high dielectric breakdown, and operating field
strength with low density and elastic stiffness.!”!

PVDF [(C,H,F,),] is a semicrystalline thermoplastic
fluoropolymer with long-chain molecules produced by the
polymerization of the monomer units vinylidene difluoride
(CH,=CF,). It is a highly stable non-reactive polymer with
around 50-60% crystallinity.'!” PVDF typically exists in
five crystalline phases, namely «, B, Y, 8, and €, due to its
polymorphic nature. Here, a, 8, and Y are the more abun-
dant polymorphic phases, out of which f is the main focus
of attraction due to its piezoelectric nature. The f phase is
the only phase responsible for the piezoresponse of PVDF
polymer. The CH, and CF, groups are found in different
spatial arrangements along the polymer chain, and this
results in the generation of several fascinating properties
of PVDF. PVDF includes around 3 wt.% of hydrogen and
59.4 wt.% of fluorine, and this fluorine content greatly
affects the chemical and electrical properties of PVDF.
The presence of electronegative fluorine and electroposi-
tive hydrogen results in the generation of dipole moment
inside the molecular units of PVDF. An orthorhombic
crystallographic system with all-trans or TTTT molecu-
lar conformation is exhibited by the  polymorph, but o
polymorph exhibited a monoclinic crystallographic system
with a TGTG' molecular conformation. A T3GT3G molec-
ular conformation with an orthorhombic crystallographic
system is shown by Y polymorph. The polar and antipolar
analogue of the o phase is represented by 6 and e phases.
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The all-trans TTTT planar zigzag molecular conforma-
tion of the f phase results in the generation of a non-zero
net dipole moment, and the C-F dipoles and C—C chain
backbone are arranged in such a way that they cancel each
other out. The molecular chain arrangement of the PVDF
polymer and the original image of an electrospun PVDF
nanomembrane are shown in Fig. 2.20-2!

The piezoelectric nature of the PVDF nanofiber gener-
ates a piezoelectric response, making it suitable for energy
harvesting.??~>* The process of turning wasted or "ambient"
energy into useable energy for everyday activities is known
as energy harvesting. Although generated power is low for
many electrical appliances, it is useful for low-power elec-
tronic devices.>>"?® Energy harvesting has various applica-
tions such as noise barriers that harness ambient acoustic
energy, kinetic energy generators that harness the energy of
mild vibrations from common appliances such as ovens and
washing machines, and other related uses.?®2° The PVDF
nanofiber is a fantastic material for this application because
of its qualities. Of all the piezoelectric polymers, it is lead-
free, flexible, and has one of the highest piezoelectric coef-
ficients (d33) of roughly 12 to 35 pC/N.*-30

PVDF nanofibers are used in energy harvesting and smart
systems as tactile sensors. They detect and measure body
signals such as respiratory cycles and heart rate in medical
applications. PVDF's fast response time and high sensitivity
make it ideal for recording pulses. It is also used in teleop-
eration, surgeries, and complex systems to detect damage
in vital structural parts.*!>” PVDF sensors can detect dam-
age or cracks in components by measuring strain changes.
In addition, their self-excitation property makes them very
cost effective for many applications. High sensitivity allows
them to accurately detect contact force and tactile "smooth-
ness" of materials, similar to the tactile sense of ﬁngers.38
PVDF sensors are used for flow velocity measurements in
medical research, particularly in sleep apnea. The force of
gas on the nanofiber depends on airflow velocity, similar to
pneumotachographs. However, more research is needed on

(@) . (b)

Carbon Hydrogen

Fluorine

the performance of electrospun PVDF nanofibers and the
combination of optical and electronic characterizations.**°

Therefore, this work presents a detailed parametric study
of PVDF nanofiber membranes, fabricated at different nee-
dle-to-collector distances and consequently different applied
electric fields. The generated nanofibers are tested through
piezoelectricity measurements to detect the optimized elec-
trospinning process parameters for the best piezoelectric
performance. In addition, the impact of varied processing
parameters is investigated with respect to the surface mor-
phology of the formed PVDF structures, whether in thin
film or nanofiber mat form, while also assessing their optical
properties and piezoelectric response. To identify the most
effective nanomembrane from the piezoelectric perspective,
both voltage and power density measurements are performed
under different mechanical excitations. In addition, the mor-
phological characterization of the generated samples is ana-
lyzed using scanning electron microscopy (SEM) images,
while the chemical composition and beta sheet formation
are analyzed via Fourier transform infrared (FTIR) spec-
troscopy. As part of application-based studies, this study
applies perturbations in the form of variable momentum
and airflow rates to the sample with the best piezoelectric
response. These findings will be useful in the application of
energy harvesting or airflow sensing to detect gas leakages
in complex systems or for generating electricity using wind.

Experimental Work
Materials

Polyvinylidene difluoride (PVDF; Sigma Aldrich) and
Kynar® (Arkema , King of Prussia, PA, USA) were the
main nanofiber membranes used in the present study. The
solvent used for the preparation of PVDF solution was dime-
thyl formamide (DMF) (98%, Sigma Aldrich, Taufkirchen,
Germany). To prepare the solution, 10 g PVDF powder

Fig.2 (a) PVDF chain configuration, (b) A sample of PVDF electrospun nanofiber membrane on an aluminum foil sheet.
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was dissolved in 10 ml DMF and left on a magnetic stirrer
overnight to achieve a homogeneous solution of PVDF 10
wt.%. The prepared air bubble-free solution was loaded into
a syringe with a needle for electrospinning.

Electrospinning Process

A schematic of the electrospinning setup is shown in Fig. 1.
The plastic syringe with a stainless-steel 18-gauge needle
was loaded with the required solution and then was fixed
onto an injection pump (NE1000-Single Syringe Pump, New
Era, Farmingdale, NY, USA) to control the feed rate of the
solution during the electrospinning process. The feed rate
was set for a flow rate of 2 ml/h, and the distance between the
needle and collector was varied within a range from 12 cm
to 15 cm to test the effect of needle-to-collector distance on
the generated nanofiber membrane. A 30 kV/1.65 mA regu-
lated high-voltage power supply (Divotech Technologies)
was used for the application of a constant 22 kV voltage on
the metallic needle, and the negative terminal of the power
supply was connected to the collector plate, where it was
finally grounded. A 15 X 17 cm static copper plate covered
with aluminum foil was used as a collector electrode for
concentrating the deposition of nanofibers.*® The generated
nanofiber membranes were peeled off carefully from the
aluminum foil-covered collector electrode. A total of 10 ml
polymer solution was deposited onto the collector electrode
at a feed rate of 2 ml/h, and thus a total of 5 h was required
for the electrospinning process to fabricate each sample. A
set of four PVDF nanomembranes were fabricated by adjust-
ing the needle-to-collector distance from 12 cm to 15 cm
in steps of 1 cm. All other process parameters were kept
constant throughout the experiment. The high-voltage power
supply was adjusted to maintain a voltage of 22 kV through-
out the experiment, and the flow rate was fixed for 2 ml/h.
The characterization of these nanofiber membranes was
done to check the optimum parameters that generated the
best nanofiber sample. The nanofiber membranes were cut
into an appropriate size of 2 X 2 cm, and these membranes
were sandwiched between two aluminum foil sheets from
which shielded copper wires were connected. The membrane
with aluminum foils sheets was made into a single unit using
paper tape. Finally, the sample was fixed horizontally with-
out any air gap onto the base of the custom-made setup for
piezo characterization in order to apply a vertical force onto
the sample.

Impact of Momentum on PVDF Nanofiber
Applications

The fabricated nanofiber membrane displaying the best
piezoelectric performance was cut into a piece of 2 X 2 cm,
and the sample was sandwiched between two aluminum foil

electrodes connected to insulated copper wires and then inte-
grated inside two setups to detect both shutter velocity and
airflow speed. The best fabricated nanofiber was electrospun
at a needle-to-collector distance of 15 cm at an applied volt-
age of 22 kV with a flow rate of 2 ml/h.

As shown in Fig. 3, the experimental setup for inspecting
the impact of momentum included a frictionless air track
with a freely moving cart controlled by a magnet at the start-
ing position, where additional mass could also be added.
The sample was positioned vertically in the path of the cart
with a head radius 1 cm. The cart hit the nanofiber mem-
brane in a horizontal direction at different applied velocities,
and the impacts resulted in the generation of piezoelectric
voltage. Piezoelectric voltage that developed in response to
the applied velocities were recorded via an oscilloscope by
connecting the insulated shielded wires to both aluminum
foils. The experiment was performed three times. First, the
impact of different applied velocities ranging from 0.1 m/s to
0.5 m/s was investigated on the first sample, after which the
same procedure was repeated by changing the first sample
with a second sample. Piezoelectric voltage generated for
the second sample was also recorded. Finally, the two sam-
ple pieces were attached together by removing the insulated
wires on one side of the samples and then attaching them
together using the conducting aluminum foil sheets such that
the double-layer sample acted as a single piece. The piezo-
electric voltage generation for this third sample, which was
the combination (series-like combination) of the two sample
pieces, was studied. The arrangement of the single-layer and
double-layer nanomats between the conducting electrodes is
represented in detail in Fig. 3. Two single layers are attached
in such a way that the bottom portion of the second layer is
directly attached to the top portion of the first layer with-
out any air gap, and thus a series connection is maintained
between them.

Airflow Sensing Studies of the Fabricated Nanofiber
Applications

The setup used to create the airflow, as shown in Fig. 4,
consists of an electric air duster with an attached nozzle (1
cm radius), which was pointed at the center of the PVDF
sandwiched unit. In order to change the speed of the air-
flow from the air duster, the distance was varied for each
speed, which was measured using a velocity meter placed
on a table and a ruler to measure the distance between the
air duster’s nozzle tip and the fan blade of the velocity
meter. For each airflow speed value, the air duster was
held at the corresponding height and pointed at the center
of the sample. The sample was exposed to the airflow for
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1 s, and the average was calculated by taking six different
peak-to-peak voltage readings from the given signal on
the oscilloscope.

Characterization of the Fabricated Nanofiber
Membrane

Optical Characterization

The optical characterization of the set of four samples
fabricated at different needle-to-collector distances was
performed using a UV-Vis spectrophotometer (Shimadzu
UV-2600). The optical characterization includes the gener-
ated nanofiber absorbance and transmittance analysis. Here,
the sample to be analyzed was illuminated by a light source
in the wavelength range from 190 nm to 900 nm. The experi-
mental setup mainly includes a light source, a monochro-
mator or a prism to separate wavelengths, a sample holder,
and a detector. Transmittance and absorbance measurements
were based on the comparison of light intensity before and
after passing through the sample to be tested. Transmittance
can be defined as the ratio 1/I, where I represents the inten-
sity of the light after passing through the sample and 7, rep-
resents the full intensity of light before passing through the
sample. The absorbance is the amount of light absorbed out
of the incident light by the sample. The optical activity of the
generated sample indicates the potential of these membranes
in the field of light-based or transparency-based applications
such as touch panels and transparent wearable sensors.

Chemical Characterization

FTIR spectroscopy was used to analyze the response of these
nanofibers towards the piezo activity based on the beta sheet
content. The molecular fingerprint of the sample can be
easily analyzed using FTIR spectra based on the functional
groups present and the interactions between them. The trans-
mittance spectra of the PVDF nanofibers were generated
using a PerkinElmer FTIR spectrometer at a scanning resolu-
tion of 5 cm™! around a range of 4100-400 cm™'. Each sam-
ple was scanned about 120 times while generating the trans-
mittance spectra. Determining the chemical structure of a
sample is mainly based on the molecular vibrations. Stretch-
ing and bending are the two types of molecular vibrations
involved in IR spectroscopy. The stretching mode changes
the bond length, resulting in either symmetric or asymmetric
mode, whereas the bending mode always changes the bond
angle. Whenever the frequency of a specific bond vibration
becomes exactly equal to the frequency of the applied IR

radiation, the radiation will be completely absorbed by the
sample content, generating a plot of transmittance.

Morphological Characterization

A nanofiber sample measuring 1 X 1 cm was analyzed
using a scanning electron microscope (JEOL JSM-
7610FPlus FESEM, Jaipur, India) to study the surface and
morphology of the generated nanofiber mat. The nanofiber
size distribution on the fabricated membrane was studied
and measured using ImagelJ software.

Piezoelectric Characterization

Piezoelectric characterization associated with the fabri-
cated nanofibers was performed using an applied pertur-
bation in the form of falling masses and applied forces,
and the corresponding generated voltage was measured
directly using an oscilloscope. The generated voltages
were measured across different load resistance.

Voltage Characterization

The piezoelectric characterization of nanofibers includes
different applied force and frequency measurements, as
presented in Fig. 5. Different compressive loads/forces
from 0.5 N to 3 N in steps of 0.5 N were applied onto the
nanofiber sample at a single frequency of 1 Hz, and the
corresponding generated voltage was measured. Frequency
measurements were performed by varying the frequency
between 0.25 Hz up to 10 Hz at a specific applied force
of 2 N and measuring the corresponding generated piezo-
electric voltages.

In addition, piezoelectric characterization based on
impulse loading at a height of 2 cm was also performed.
Impulse loading shows the effect of masses falling onto the
sample, where the mass was varied from 50 g to 250 g and
the generated output voltage was measured.

Power Density Characterization

As shown in Fig. 6, the piezoelectric performance of each
sample based on different applied load resistance across
the positive and negative electrode plates was studied. Dif-
ferent load resistance was applied across the electrodes as
part of the characterization. Here, the oscilloscope probe
was connected across the positive and negative electrode
plates through the load resistance. Finally, the power out-
put obtained for each sample was calculated over the area
of impact to obtain power density and plotted against the
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441 corresponding load resistance. The area of contact in the Results and Discussion 446
442 present study is circular with an effective radius of around
443 1.4 cm. The power density plots give us an indication of the Optical Characterization 447
444  efficiency of the fabricated nanomembrane towards some
445  resistive loads in terms of piezo activity-‘” Optical characterization of the set of samples was performed 448

using UV-Vis spectrophotometry, recording absorbance and 449
transmittance data. The absorbance spectra of the corre- 450
sponding samples are shown in Fig. 7. The nanofiber mem- 451
brane showed clear optical absorption in the region from 452
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Fig.7 Absorbance spectra of pure PVDF nanofiber samples.

200 nm to 400 nm, which clearly shows the absorption peak
of the PVDF polymer. Absorbance spectra of the samples
clearly indicates the optimum performance of the nanofiber
membrane fabricated at a needle-to-collector distance of
15 cm, where maximum absorption intensity is obtained.
We can conclude from the absorbance curve that the PVDF
content is greater in the nanofiber membrane electrospun
at distances of 15 and 14 cm, with good nanofiber content,
whereas the remaining two samples displayed lower absorp-
tion intensity. In the visible range, the mat electrospun at 12
cm exhibited scattering effects near the baseline, thereby
generating good absorption in the visible region compared
to other electrospun mats.*®

Transmittance analysis of the samples is shown in Fig. 8.
Maximum transmittance is found for the nanofiber samples
fabricated at a needle-to-collector distance of 12 cm, which
exhibited a film-like behavior. This clearly confirms the
transparency of this sample. Nanofiber membranes electro-
spun at a distance of 15 cm showed the lowest transparency,
with good absorbance. Nanofiber membranes developed at
distances of 14.and 13 cm also showed good absorbance and
low transparency. The most transparent samples exhibited
film-like behavior, with less piezo activity, as will be veri-
fied later. Optical characterization of these samples revealed
the absorbance and transmittance rate for each sample. The
nanofiber membrane fabricated at a distance of 15 cm con-
sists of a rough surface with numerous pores and solid fib-
ers. This structure creates some opaqueness towards light,
resulting in weakly transparent behavior. Here, the pores are
interconnected, resulting in the development of dozens of
fiber—air interfaces, and in this case, interfacial adherence
and packing density has to be considered, which ultimately
promotes the hazy appearance towards light. When consider-
ing the internal structure, we should take into account the air

present inside the nanofiber which promotes the scattering
of light to a great extent, further reducing the transmittance.
All these effects are identified in the presence of fiber-like
structures. The film electrospun at a distance of 12 cm con-
sists of fewer pores and fiber-like structures, resulting in
appreciable transparency that allows light to pass through.
Thus, transparency is found to decrease with an increase in
the feeder-to-collector distance from 12 cm to 15 cm, where
the fiber-like structure formation originates above 12 cm,
and complete development of fibers occurs at 15 cm.**4
In addition, the film cast at a distance of 12 cm con-
sists of fewer pores and the smallest number of fiber-like
structures, allowing the effective transmittance of light.
Here, the majority of chains are formed as film without
successful cross-linking and interconnected networks, pro-
moting higher transmittance through it. The transparency
of a polymer-based electrospun mat mainly depends on
its crystallinity. Materials with higher crystallinity exhibit
less transmittance. This is clearly evident from the FTIR
spectra calculation, which shows that the 12 cm-based mat
exhibits the lowest beta sheet content, indicating lower
crystallinity and thereby showing excellent transparency.*®

Chemical Characterization

The crystal phases of the pure PVDF nanofiber membrane
are clearly projected in the IR transmittance spectra shown
in Fig. 9. The most prominent bands related to the crystal
phase of PVDF are observed in the wave number range
from 700 cm ™! to 1500 cm~!.%° Among these, the transmit-
tance peaks observed at 762 cm™!, 796 cm™!, 875 cm ™!,
976 cm_l, 1210 cm™!, and 1383 cm™! correspond to the
phase, and peaks at 840 cm™!, 880 cm™', 1175 cm™', and
1275 cm™! are clearly associated with the p phase. The
relative fraction of beta phase content can be calculated
from the intensity of absorbance bands at 762 cm™! and
840 cm~! using the Beer—Lambert law as shown in Eq. 2

given below:>!

A
TP = T264, + 4, @
where A represents the absorbance value at 840 cm~!and
A, represents the absorbance value at 762 cm™'.

The absorbance peak corresponding to the a crystalline
phase at 762 cm™! is due to the skeletal bending vibration
mode C(H)-C(F)-C(H) and CF, bending mode. Similarly,
the absorbance peak at 840 cm™' due to the polar beta
phase represents a rocking vibrational band due to CH,.
Based on Eq. 2, the beta phase content associated with
each nanomat fabricated at different needle-to-collector
distances is calculated and given in Table I.%2
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Fig.8 (a—d) Transmittance of electrospun samples at different feeder-to-collector distances. (e) The letters N, A, N, O correspond to the samples
fabricated at feeder-to-collector distances of 12, 13, 14, and 15 cm, respectively, from left to right.

The beta phase calculation revealed that the electroac-
tive polar phase is maximum for the nanomat fabricated at
a needle-to-collector distance of 15 cm and is found to be
decreasing while reducing the distance from 15 cm down
to 12 cm. The beta phase content is due to the CH,—CF,
dipole generation inside the PVDF nanomaterial, resulting
in an excellent piezoresponse.

Morphological Characterization

Figure 10 shows the SEM images of the electrospun mats
generated at different feeder-to-collector distances of 12 cm,
13 cm, 14 cm, and 15 cm. The electrospun mat fabricated
at a distance of 12 cm exhibited a thin film-like behavior,
as shown in Fig. 10a. Upon increasing the distance from
12 cm to 13 cm, the electrospun mat shows a tendency for

@ Springer

fiber generation from the cast film with an uneven surface,
as shown in Fig. 10b. Further increasing the distance from
13 cm to 14 cm leads to the formation of more fiber-like
structures, as shown in Fig. 10c. In general, the tendency to
form fibers is improved by increasing the feeder-to-collector
distance. Finally, after reaching a distance of 15 cm, ultrafine
nanofibers are clearly observed in the SEM image, repre-
sented by Fig. 10d. Thus, a feeder-to-collector distance of 15
cm resulted in the production of the best nanofibers based on
the morphological analysis. The increased distance between
the needle and collector provides an extended solvent evap-
oration time during solution travel and deposition. Along
the pathway from the needle tip to the collector electrode,
successful fiber generation is possible only if an optimum
journey time is obtained. Solvent evaporation time should
be optimum for obtaining nanofibers with good morphology.
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Fig.9 The FTIR spectra of the generated nanomats.

Table | Calculated beta phase content percentage of the electrospun
PVDF nanomats

Sample A Ap) fb)

15 cm 0.039976 0.187 0.7877
14 cm 0.06004 0.2237 0.7477
13 cm 0.065 0.196 0.705
12cm 0.0785 0.2277 0.697

The numbers in the sample column refer to the distance between the
feeder and collector in the electrospinning setup

However, increasing the distance above a certain limit
reduces the electric force of attraction, negatively affecting
the fiber production. This clearly shows that a feeder-to-col-
lector distance of 15 cm is optimum, providing enough time
for the deposition of charged fluid onto the collector in the
form of fine ultrathin nanofibers after the successful removal
of the volatile solvent. In other cases, decreasing the distance
between the needle and collector affects the fiber generation
due to the lack of successful evaporation of the solvent from
the solution for fine solid nanofiber deposition. The SEM
image of the nanomembrane produced at a feeder-to-collec-
tor distance of 15 cm was analyzed using ImagelJ software,
and the diameter of the randomly distributed nanofibers was
measured. The average diameter of the generated nanofibers
was measured to be around 112.8 nm, and the corresponding

Wavenumber (cm” E )

2000 1500 1000 500

Piezoelectric Characterization
Voltage Characterization

A variable force or compression load from 0.5 N to 3 N
was applied to the nanofiber sample using a spring-based
motor arrangement, which is a custom-made setup that
allows different vertical forces or frequencies to be applied
onto the surface of the sample. The response of a set of
four nanofibers fabricated via electrospinning at needle-
to-collector distances of 12 cm, 13 cm, 14 cm, and 15 cm
was studied. Optimum piezoresponse to the variable forces
was shown by nanofibers at a needle-to-collector distance
of 15 cm. Nanofibers fabricated at a needle-to-collector
distance of 13 cm also showed good piezoresponse, but
it was less than that of the sample prepared at the 15 cm
distance. The force—voltage relationship developed on
the nanofibers is shown in Fig. 12a. The piezoresponse
towards the applied force or compression load showed a
positive result, where the piezo voltage increased with
increased loads. The piezoresponse of the nanofiber fab-
ricated at a needle-to-collector distance of 15 cm showed
a weaker response to lower loads, strengthening for higher
loads, compared with other samples. The variation in the
AC sinusoidal voltage obtained from each nanomembrane
fabricated at different feeder-to-collector distances under a
specific applied force of 3 N is shown in Fig. 12b. In gen-

fiber diameter distribution is shown in Fig. 11.3 . .
eral, for all the nanofiber membranes, an increase in volt-
age is observed with increasing loads. The piezoresponse
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Fig. 10 SEM images of the pure PVDF nanomats fabricated at a feeder-to-collector distance of (a) 12 cm; (b) 13 cm; (c) 14 cm; (d) 15 cm.
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Fig. 11 Electrospun PVDF nanofiber diameter distribution curve.

of the samples to the load is indicated by a sensitivity
parameter, which represents the slope of the force—volt-
age graph. Linear fitting of the experimental data clearly
showed a piezo sensitivity of 1.2 V/N for the nanofiber
sample fabricated at a needle-to-collector distance of
15 cm. Mats produced at needle-to-collector distances of
12 cm, 13 cm, and 14 cm showed a sensitivity of 0.27 V/N,
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1.15 V/N, and 0.9 V/N, respectively. Samples developed at
needle-to-collector distances of 15 ¢cm and 13 cm showed

the most effective response.

Out of the four electrospun mats, the electrospun nano-
mat generated at a feeder-to-collector distance of 15 cm

exhibited the best piezoresponse. Here, the generation of
nanofibers resulted in the formation of a higher density of

dipoles upon excitation with applied forces. The distance
affects the applied electric field on the PVDF polymeric jet
between feeder and collector. This electric field controls the
formed piezoelectric properties according to their impact on
the alignment of electric dipoles inside the nanofibers. This
resulted in the generation of a higher piezoresponse voltage
and consequently higher beta sheet content. In the case of
the mat electrospun at 14 cm feeder-to-collector distance, the
fabrication of nanofiber-like structures are not completely
successful, but some fiber generation is confirmed from the
SEM image. Thus, lower dipole densities are obtained upon
excitation forces compared with mats produced at the 15 cm
distance. Their beta sheet contents were also found to be
lower than those of the nanomats produced at the 15 cm,
resulting in weaker responses. The mat electrospun at 13 cm
feeder-to-collector distance resulted in the generation of
larger, non-homogeneous beads and fewer fiber-like struc-
tures compared to the mat produced at 14 cm. The formation
of beads results in the generation of a greater piezoresponse
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Fig.12 (a) Applied force versus piezo voltage for pure PVDF
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Fig. 13 Applied frequency versus piezoelectric voltage for pure
PVDF nanofiber membrane.

than the mat produced at 14 cm, but with a lower beta sheet
content due to the presence of a large number of non-homo-
geneous beads. Finally, the electrospun mat fabricated at a
12 cm distance exhibited thin cast film-like behavior and
consequently weak piezoresponse. Thus, we can conclude
that more beads were produced as a result of reducing the
TCD (tip-to-collector distance) from 15 cm to 13 cm, and a

simultaneous departure from a fiber-like structure. Higher
piezo voltage for the 13 cm TCD was produced owing to the
presence of beads in a significant section of the electrospun
mat. Additionally, the beta phase content is significantly
reduced by the non-homogeneous distribution of beads,
which lowers the crystallinity content. The transmittance
of the electrospun mat is drastically improved by a decrease
in crystallinity and beta sheet content, which explains why
the transparent electrospun mat in this work was created at
a lower TCD #8343

Effects of needle-to-collector distance on the piezore-
sponse of nanofiber membranes are analyzed based on
cyclic forces. Different cyclic forces of specific frequencies
between 0.25 Hz and 10 Hz at a constant force of 2 N are
applied on these samples. Frequency-based piezo analysis
curves are represented in Fig. 13. The curves clearly indicate
a linear response to lower frequencies from 0.5 Hz to 2 Hz
and saturation for higher frequencies of 6 Hz and 8 Hz.

Optimum piezo performance based on frequency was also
shown by the nanofiber membrane fabricated at a needle-to-
collector distance of 15 cm. A needle-to-collector distance
of 13 cm showed appreciable behavior, but it was less than
that of the sample prepared using the distance of 15 cm. In
general, the piezoresponse was found to be the best and most
consistent for nanofibers fabricated at a needle-to-collector
distance of 15 cm.

The active piezoresponse shown by the nanofiber mem-
brane electrospun at 15 cm compared to that electrospun
at 12 cm can be explained in terms of the higher surface-
to-volume ratio and porosity of the nanofiber membrane.
Piezoelectric materials are commonly non-centrosymmetric
materials, and as a result, the application of a vertical force
or stress perpendicular to the sample shifts the center of
mass of positive and negative ions, creating a net polariza-
tion inside the material. Thus, a voltage difference or poten-
tial between two surfaces of the PVDF sample is generated
via dipole generation throughout the materials by changing
its dimensions. The dipoles inside the material usually can-
cel each other out; however, the dipoles at the surface do
not, which produces polarity. When these samples are in
the form of one-dimensional nanofibers, their surface-to-
volume ratio and porosity increase extensively compared
to the electrospun film counterparts. As a result, a higher
dipole surface-to-volume ratio is seen in the case of the
nanofiber membrane, resulting in the efficient extraction of
voltage compared to the electrospun cast film counterpart.’®
The main dipoles inside the PVDF material are CH,—CF,
, accounting for the development of an electroactive beta
phase and higher piezoresponse. In addition, the higher
surface-to-volume ratio favors the trapping of electrostatic
charges. Consequently, under deformation, trapped charges
generate voltage and current. For the case of 13 cm and
14 cm membranes, the fiber formation was only initiated
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Fig. 14 Applied mass versus piezoelectric voltage for pure PVDF
nanofiber membrane

and not completely developed, generating less voltage than
the 15 cm sample. Thus, the excellent porosity and higher
surface-to-volume ratio of nanofiber membranes result
in the highest piezoresponse, with significant electroac-
tive beta phase content in the case of the 15 cm nanofiber
membrane.’’

Impulse load testing shows the effect of falling masses,
and the associated impact results in the generation of volt-
age. The associated voltage curves are shown in Fig. 14,
which clearly show the increase in voltage generation with
increased falling masses. Impulse load piezo analysis was
performed for the set of samples, showing an appreciable
response for the 13 cm nanofiber samples, and maximum
voltage generation was found for the 15 cm nanofibers. Thus,
a positive correlation exists between applied mass and gener-
ated voltage for all the samples.’> A maximum potential of
3.2 V is obtained by the application of 3 N force, and a gen-
eration of around 4.5 V is observed through impulse load-
ing during the application of a mass of 300 g from a height
of 2 cm. Cyclic force or frequency-based mechanical stress
produced a maximum force of 3.2 V at a frequency of 10 Hz.

Power Density Characterization

The generated piezo voltage is dependent on the load resist-
ance connected externally across the electrodes, which is
used for the estimation of power. Power density calcula-
tions for the generated samples exhibited random behavior.
This was exhibited by random power increases for certain
resistance loads, followed by decreasing power density
output with increasing load resistance, and then again, an
increase in the power density output was observed for further
increases in the applied resistance loads. But this fluctuating
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Fig.15 The plot of power density versus load resistance for the
PVDF nanofiber membrane.

behavior was not present in the case of the nanofiber mem-
brane fabricated at a needle-to-collector distance of 15 cm,
where a prominent Lorentzian curve was obtained for the
power density plot. Here, maximum power density was
obtained for a resistance load of 1.5 MQ, followed by a grad-
ual decrease with an increase in the resistance load from 2.2
MQ, 2.7 MQ, 3.3 MQ, and 3.7 MQ, and the corresponding
plot is shown in Fig. 15. A maximum power density of 9.7
mW/m? was obtained for a potential of 3 V in the case of
the PVDF nanofiber mat fabricated at a distance of 15 cm.”

Impact of Momentum on the Nanofiber Membrane

One of the primary sources of mechanical energy present in
the majority of engineering application systems is mechani-
cal shock. By altering the object's momentum and the speed
at which it strikes the sample, the reaction of the electrospun
nanomat to mechanical shocks is examined. The findings
reveal a favorable reaction to mechanical shocks, demon-
strating the potential of these nanomats for energy harvest-
ing applications involving mechanical shocks. Therefore, by
altering the momentum's effect on the nanomats, this paper's
concept is to use these sensitive nanofiber mats as a piezo
or vibration energy harvester to extract electrical energy
from mechanical shocks. The effect of applied mechanical
shocks on the nanomats is varied by changing the veloc-
ity with which the frictionless cart is horizontally hitting
the sample. The momentum of the cart is represented as
the product of its mass and velocity. First, the impact of
different applied velocities from 0.1 m/s to 0.5 m/s on the
first sample piece was studied, after which the same pro-
cedure was repeated by changing the first sample with the
second sample. Even though the sample pieces were taken
from the same nanofiber membrane sheet, the piezoresponse
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Fig. 16 Piezo voltage analysis based on the impact of momentum in
pure PVDF nanofiber membrane.

shown for the same velocity values were different. The first
piece, labeled sample 1, showed a good piezoresponse in the
range 1.8—-12.5 V compared to the second sample. The sec-
ond sample generated less voltage in the range of 0.5-3.8 V.
The piezoelectric voltage output generated in each case is
shown in Fig. 16. The combined sample, labeled as sample
3, showed the highest voltage output, which was almost the
sum of the voltage generated for samples 1 and 2. For both
single- and double-layer formations, the mechanism of simi-
larly aligned diploes within the two layers produced a similar
impact to series connections of the two layers, which led
to incrementally higher generated voltage compared to the
single-layer case, as clearly shown in Fig. 3. The series com-
bination of the two pieces in effect showed the double-layer
effect, which clearly enhanced the performance of the energy
harvester, generating a voltage in the range of 2—16 V. This
clearly indicates that the addition of different layers of PVDF
nanofiber membrane can enhance the piezoresponse to a
great extent, which is promising for several applications. The
addition of two layers of PVDF nanofiber membrane greatly
enhanced the durability of the sample. Thus, the double-
layer sample not only improved the piezoresponse, but also
greatly enhanced the mechanical stability.

Thus, the impact of momentum on these samples is stud-
ied by varying the applied velocity, and the efficiency of the
fabricated nanomats in the field of energy harvesting from
mechanical shocks is clearly proved in the present study.

Airflow Sensing Studies of the PVDF Nanofiber
Membrane

For each airflow speed value, the air duster was held at the
corresponding height and pointed at the center of the sam-
ple. The sample was exposed to the airflow for 1 s and the
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Fig.17 Voltage versus airflow velocity for pure PVDF nanofiber
membrane.

average was calculated by taking six different peak-to-peak
voltage readings from the given signal on the oscilloscope.
Due to external factors, constant noise was shown on the
oscilloscope (ranging from 20 mV to 40 mV). Before
each measurement, the noise was first recorded and then
subtracted from the reading after the measurement. For
the double-layer PVDF sample, the original single-layer
sample was paired with another sample, which was pre-
pared in the same manner and tested for its piezoresponse.
Each sample had a piece of aluminum foil on one side
(the outer side) and one shared piece of aluminum foil in
between. The samples were then framed with paper tape
and had one wire on either side, making it a series circuit.
Due to the experimental setup, as the distance between the
electric duster’s nozzle and the PVDF sample increased,
the air was more dispersed and less directed towards the
sample, resulting in a lack of smoothness. This increase
is seen in the graphs in Fig. 17, which show an obvious
relationship in the graphs regardless. When the two sam-
ples were put together to create the double-layer sample,
there was an increase in the output voltage of the PVDF
sample; however, it was not exactly equal to the sum of
the voltages of the two samples. This is because the layer
of PVDF that experiences direct impact from the electric
duster’s airflow absorbs some of the force, meaning that
less of it impacts the second layer.

The detailed results regarding the piezo voltage gener-
ated from the samples are listed in Table II. The results
in Table II show that the double-layer PVDF sample did
exhibit an increase in the voltage response compared to
the single-layer sample, but with significant inefficiency,
especially at higher airflow speeds. The double-layer
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Table Il The average of both single-layer samples, the average of
the double-layer sample, the sum of the two single-layer samples,
the absolute difference between the average single-layer sample’s

response and the double-layer sample’s response, and finally, the dif-
ference between the double-layer response and the sum of the two

layers

Airflow speed Avg of single-layer ~ Avg of double-layer Sum of single-layer samples (Single- + double- Double-layer — sum of
(km/h) samples sample (Sample 14 Sample 2) layer samples) single-layer samples
24415 105.429 130.857 210.857 25.429 80.00

21+1.5 79.571 114.286 159.143 34.714 44.857

18+1.5 75.429 99.714 150.857 24.286 51.143

15+1.5 52.857 84.286 105.714 31.429 21.429

12+1.5 43.714 79.143 87.429 35.429 8.286

9+1.5 35.286 73.429 70.571 38.143 —2.857

6+1.5 18.857 64.857 37.714 45.00 —27.143

sample had greater voltage outputs than the sum of the
two individual sample’s voltages until the speed reached
12 + 1.5 m/s, after which the sum of the two samples con-
tinued to increase compared to the double-layer sample.
The absolute difference between the two samples also
shows a steady decrease as the speed increases, which
again shows that at higher speeds, the use of two layers
instead of one becomes less efficient.

Conclusion

In this work, PVDF electrospun nanofibers with good mor-
phology, optical activity, beta sheet content, and piezo activ-
ity were fabricated at optimized experimental conditions.
The feeder-to-collector distance was varied from 12 c¢m to
15 cm, and the generated nanomats clearly demonstrated the
developmental stages of nanofiber membranes from a thin
cast-like film. Film-like behavior was exhibited by the 12 cm
electrospun membrane, and the increase in distance from
13 cm to 15 cm clearly showed the generation of fiber-like
nanostructures, with a final successful nanofiber mat genera-
tion at the 15 cm distance. Appreciable optical activity was
observed using a UV—-Vis spectrophotometer, and the result
clearly demonstrated a trade-off between piezoresponse
and transparency. The best piezo membrane exhibited the
lowest transmittance, and the transparent sample showed
weak piezo activity. The beta sheet contents were calculated
and found to be in the range of 69% to 78.7%. Mechani-
cal disturbances in the form of variable forces, frequency,
and impulse loading on the most efficient sample generated
a maximum of 4.5 V potential, which clearly revealed the
potential of PVDF nanomats in the field of energy harvest-
ing. The dependence of the piezo potential on the resistance
loads was explored using power density measurements, and
a Lorentzian curve-based graphical plot was obtained for the
15 cm sample with a maximum of 21 uW/m?, while the other
sheets exhibited random behavior. The possibility of apply-
ing this efficient nanosheet in energy harvesting and sensing

@ Springer

disciplines was studied by applying disturbances in the form
of mechanical shocks by variable momentum via loads and
varying airflow speeds. Energy harnessing and sensing
behavior of the nanomats was tested for single- and double-
layer samples, and the piezo effect was found to be enhanced
with a double layer. A clear enhancement in airflow sens-
ing efficiency was also shown by the wind-based studies for
the double-layer sample, paving the way for application in
complex systems for detecting gas leakages. Thus, a detailed
analysis based on electrospun PVDF-based nanosheets was
performed, and their potential in the field of ambient energy
harvesting and sensing was thoroughly studied.
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