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Introduction

A new multifunctional energy harvester based
on mica nanosheet-dispersed PVDF nanofabrics
featuring piezo-capacitive, piezoelectric and
triboelectric effectst

Govind S. Ekbote,® Mohammed Khalifa, 2 ® B. Venkatesa Perumal® and
S. Anandhan (2 *@

In recent years, there has been a significant rise in the popularity of piezoelectric and triboelectric nano-
generators as alternative power sources for miniature devices and internet of things devices (IoT). Herein,
piezoelectric nanogenerators (PNG) and triboelectric nanogenerators (TENG) based on mica nanosheet
(MNS)-infused poly(vinylidene fluoride) (PVDF) composite nanofabrics were developed. The morphology,
crystallinity, and polymorphism of PVDF/MNS composite nanofabrics were studied using different charac-
terization techniques. The incorporation of MNS into PVDF resulted in enhanced electroactive -phase
content, reaching a maximum of 84.3% in the composite nanofabric containing 0.75 wt% of MNS. The
same nanofabric exhibited a dielectric constant ~1.64 times that of pure PVDF nanofabric, substantially
enhancing the capacitive sensing capability by ~4.4 times. The PNG developed using the nanofabric con-
taining 0.75 wt% of MNS displayed an open-circuit voltage (Vo) of ~8.4 V and a power density of ~3 pW
cm™ when subjected to 8 N force. The TENG based on the aforementioned nanofabric produced a
maximum Voc of ~163 V and a power density of ~585 pW cm™2 when subjected to one-finger tapping.
With the same TENG upon one-finger tapping, 35 LEDs were illuminated. A fluttering-driven TENG utiliz-
ing the same nanofabric generated a maximum Voc of ~70 V when exposed to a wind speed of 7 m s™%.
The results indicate that the nanofabrics developed herein could potentially be utilized to fabricate energy
harvesting devices to power health monitoring sensors, loT and nano/micro devices.

and efficiency make these harvesters a suitable source of
power for low-power devices.*®

Recent advances in autonomous low-power wireless elec-
tronics, remote sensors, and miniature portable devices have
made energy harvesters an appealing alternative power
source.'™ Energy harvesting technologies based on piezoelec-
tric and triboelectric technologies have attracted significant
attention recently due to their potential to extract energy from
ambient vibrations. Portability, cost-effectiveness, flexibility,
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Poly(vinylidene fluoride) (PVDF) has been suggested as a
promising triboelectric and piezoelectric material for ambient
mechanical energy harvesters due to its large dipole moment,
high piezoelectric coefficient, superior dielectric property
among all the polymers, and its high tribonegativity.”*> PVDF
consists of the monomer unit of CH,-CF,, which forms
different phases based on chain conformations such as a, f, v,
8, and ¢. The p and y-phases exhibit piezoelectric nature owing
to their polar nature.'™'? In comparison with ceramic-based
materials, PVDF has a lower piezoelectric coefficient, limiting
its use in a wide variety of devices. Researchers have dedicated
a great deal of time and effort to enhancing the piezoelectric
performance of PVDF by improving its p-phase content.
Various strategies such as mechanical stretching,'**° electrical
poling,"”*® and incorporation of nanoscale fillers have been
used to enhance the electroactivity of PVDF. Nanofillers such
as cobalt ferrite (CoFe,0,),"® zinc oxide (ZnO),*° clay nano-
layers,>® halloysite nanotube (HNT),**** bismuth ferrite
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(BiFeO;),>* talc,”® have been shown to boost the piezoelectric
performance of PVDF.

The triboelectric effect can also be utilized to harvest
energy from waste mechanical vibrations. The triboelectric
effect combined with electrostatic induction generates electri-
city when two dissimilar materials are periodically touched
and separated.® The dielectric property, surface contact area,
distance between the layers, surface charge density, and sur-
face’s chemical nature may govern the performance of a tribo-
electric nanogenerator (TENG).>*>® A variety of nanofillers,
including dopamine-treated tin oxide (SnO,),>° cellulose nano-
crystal (CNC),*° cobalt ferrite (CoFe,0,),>' graphene quantum
dots (GQD),** MXene (TizC,T,),** multiwall carbon nanotubes
(MWCNT),** and iron oxide (Fe;0,),*®> have been observed to
augment p-phase content and dielectric properties of PVDF,
thereby uplifting its triboelectric performance.

The capacitive sensor offers touch/pressure sensing ability
with superior stability and low power consumption.’® PVDF
could also be a promising material for capacitive sensors due to
its ability to detect changes in capacitance upon the application
of external forces. The incorporation of nanofillers has been
proven to improve its capacitive sensing performance.?”*®

Phyllosilicate-based nanofillers, such as mica nanosheets
(MNS), occur naturally and provide high specific surface area
and dielectric constant.®® Mica consists of two tetrahedral
(aluminium, silicon, oxygen) units and an octahedral unit
(aluminium, oxygen, hydrogen), and an interlayer cation
(potassium).*® The presence of hydroxyl and oxygen groups on
the surface of MNS could facilitates its interaction with PVDF
chains, enhancing the p-phase content of the latter. Also, MNS
could enhance the dielectric properties of PVDF. Khalifa et al.
have reported enhanced piezoelectric, dielectric, and piezo
capacitive performances of PVDF/MNS nanocomposites syn-
thesized by solution casting followed by rapid cooling.>® Fu
et al. prepared the PVDF/exfoliated mica composite using the
solution casting method and reported improvement in dielec-
tric property, energy storage, and breakdown strength of the
prepared composite film.*! Until now, no comprehensive
studies have been published examining the piezo capacitive
sensing, dielectric, piezoelectric, and triboelectric properties
of electrospun PVDF nanofibers dispersed with MNS.

Electrospinning is a facile, scalable, and low-cost fabrica-
tion technique to produce nanofibers. As a result of uniaxial
mechanical stretching and electrical poling during the electro-
spinning process, a higher p-phase is induced in the
PVDFE.**"** Additionally, it assists in fabricating nanofabrics
with a high aspect ratio and reasonable roughness, resulting
in a larger effective contact area, thereby enhancing triboelec-
tric performance.?**%¢

In this study, the interaction between the hydroxyl group of
MNS and PVDF chains through hydrogen bonding as well as
the interaction between Si-O group of MNS with PVDF chains,
coupled with the advantages of the electrospinning process,
were utilized to enhance the f-phase and dielectric property of
PVDF. A comprehensive investigation was conducted to
examine the influence of MNS on morphology, polymorphism,

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

piezo capacitance, dielectric, piezoelectric, and triboelectric
properties of PVDF nanofibers infused with MNS.

Experimental details

Materials

PVDF (Solef 1015, Solvay, Italy) (M,, = 575 000) was purchased
from Prakash Chemicals, India. Mica nanosheets (purity of
>99%) (particle size < 80 nm) were procured from Nanoshell,
UK. N,N-dimethyl formamide (DMF), and acetone were pro-
cured from Molychem, India. The solvents were of analytical
grade, and hence no further purification was performed prior
to their use.

Electrospinning of PVDF/MNS composite nanofabrics

A precursor solution was prepared by dissolving PVDF powder
(13.5 wt/v%) in a 9:1 mixture of DMF and acetone. The
mixture was stirred for 10 h to ensure complete dissolution of
PVDF and electrospun to prepare pure PVDF nanofabric
(EPVDF). The composite nanofabrics were synthesized by
adding an accurately weighed amount of MNS (0.25, 0.5, 0.75,
and 1 wt% based on the weight of PVDF) to PVDF solution.
Initially, a dispersion of MNS was prepared in the mixed
solvent. The mixture was probe-sonicated for 40 minutes, and
then 1.35 g of PVDF was added under continuous magnetic
stirring and kept for 10 hours. Subsequently, the resultant
solution was loaded into a syringe equipped with a 22-gauge
beveled stainless steel needle and subjected to electrospinning
using the following parameters: applied voltage of 18 kv, a
flow rate of 0.6 mL h™", a tip-to-collector distance of 17 cm, a
rotating drum collector speed of 1500 rpm, a relative humidity
of 50 + 2%, and a temperature of 28 + 3 °C (Table 1).

Characterization

Field emission scanning electron microscope (FESEM) (Zeiss
GeminiSEM 300, Germany) and transmission electron micro-
scope (TEM) (JEOL-2100, Japan) were used to visualize the
morphology of the nanofibers. Prior to FESEM analysis, the
nanofibers were coated with a thin gold layer by sputtering.
The average fiber diameter and standard deviation of fiber dia-
meter were calculated by measuring the diameters of 50 nano-
fibers at three different locations. The diameter of the nano-
fiber was determined by Image] software.*”

Fourier transform infrared (FTIR) spectroscopy (FTIR-4200,
JASCO, Japan) was employed to examine the polymorphism

Table 1 Nomenclature of the PVDF composite nanofabrics containing
MNS

MNS (wt%) loading in PVDF Sample designation

0 EPVDF

0.25 PVDF/MNS-0.25
0.5 PVDF/MNS-0.5
0.75 PVDF/MNS-0.75
1 PVDF/MNS-1
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and the nature of interaction between the MNS and PVDF
chains. The FTIR analysis was performed in ATR mode at a
resolution of 4 cm™" in the wavenumber range of
4000-650 ¢cm™'. The B-phase content (F()) in EPVDF and
PVDF/MNS composite nanofabrics was quantified using the

following equation:"?

F(p) = (KﬁL x 100% (1)

“Pla A
Ka)“Jrﬁ

where Ay is the absorbance at 840 cm™" (f-phase) and 4, is
absorbance at 762 cm™' (a-phase). The K (7.7 x 10* cm®
mol ") and K, (6.1 x 10" cm” mol™") are the absorbance coeffi-
cient at 840 cm™" and 762 cm™", respectively.

Polymeric phases and crystallinity of PVDF composite nano-
fabrics were examined using Xray diffraction (XRD)
(Empyrean Malvern Panalytical, UK). The XRD scan covered a
26 range of 10-45°, with a step size of 0.013° and a dwell time
of 24 s per step. The XRD measurement was carried out using
Cu-K, radiation (1 = 1.54 A, 40 kv, and 40 mA).

The degree of crystallinity of the composite nanofabrics (X.)
was calculated by the following equation:

J— AC
T A+ Ay

¢ x 100 (2)
where A. and A, are the integrated areas of the XRD peaks
corresponding to the crystalline and amorphous phases,
respectively.

To measure the dielectric properties of EPVDF and PVDF/
MNS composite nanofabrics, an LCR meter (RS PRO:
LCR-6300, UK) was employed. The test involved placing a
nanofiber mat between two copper electrodes. Measurements
were carried over the frequency range of 1 kHz to 200 kHz at a
bias voltage of 1 V. The dielectric constant was calculated
using the following equation.

_cd
a 80A

& (3)
where C is the capacitance, d is the thickness of nanofabric, A
is the electrode’s area, ¢, and ¢, are the dielectric constant of
composite nanofabric and dielectric permittivity of air (8.854 x
1072 Fm™).

The capacitive sensor response was analyzed using a dielec-
tric analyzer (Alpha A, Novocontrol Technologies, Germany).
The capacitance values were recorded as a function of the
applied external load. The sensitivity of the sensor was esti-
mated using the following equation:*®

_AC/Cy

S
AL

(4)

where AC, C, Cy, and AL are the relative change in capacitance
value upon application of force (C — C,), capacitance under
external load, initial capacitance, and the external load,
respectively. The sensitivity (S) of the sensor was obtained by
calculating the slope of the response curve. A force sensor
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(Model-9712B5, Kistler, Austria) was employed to measure the
finger-tapping force.

Evaluation of piezoelectric and piezo capacitive performance

The examination of piezoelectric behavior involved the use of
a digital oscilloscope (RS PRO-1052, UK) and a standard linear
motor kit setup (Cyltronic AG, Switzerland). The piezoelectric
nanogenerator (PNG) was built by placing the nanofabric
between two copper electrodes attached to an insulating
plastic film. Then, copper electrodes were connected to an
oscilloscope, and external force was applied to record the
open-circuit voltage (Vo¢) of the PNG (Fig. 1). The piezo capaci-
tive measurement was carried out in a similar way with a
slight difference in the sample preparation as illustrated in
Fig. S1 (ESI).t

Evaluation of triboelectric property

An arch-shaped triboelectric nanogenerator (TENG) was devel-
oped, as shown in Fig. 2. The nanofiber mat (length and width
of 2 cm each) was adhered to a Cu electrode and then glued to
an acrylic sheet to create the tribo-negative part. A tribo-posi-
tive part was fabricated by attaching a Cu tape (BOLT, India)
(2 ecm x 2 cm) to a flexible insulating plastic film. The TENG
was fabricated by attaching the tribo-positive part to the tribo-
negative part in an arch-shaped structure. The distance of sep-
aration between the Cu tape and nanofabric surfaces was
1 cm. The test was performed by tapping the TENG with a
single finger, and measurements were recorded using a digital
oscilloscope (Tektronix, TDS 2012C, USA).

Results and discussion
Morphology of the nanofabrics

Fig. 3(a-e) shows the SEM images of EPVDF and PVDF/MNS
composite nanofabrics. Fig. 3f shows the SEM image of MNS
that reveals their lamellar structure. The average fiber diameter
(AFD) of the nanofibers was reduced upon incorporation of
MNS. It was observed that the AFD was decreased up to a
loading of 0.75 wt% MNS, after which it increased. The lowest
AFD of 293 + 61 nm was recorded for PVDF/MNS-0.75 compo-
site nanofabric. The incorporation of MNS in precursor solu-
tion increased the surface charge density, leading to an
enhanced stretching effect during electrospinning which
reduced the AFD.?>?® The higher concentration of MNS results
in an increase in the solution’s viscosity. The higher viscosity
solution may have contributed to a reduction in mechanical
stretching experienced during electrospinning. This reduction
in mechanical stretching led to higher AFD for the composite
nanofabrics loaded with 1 wt% of MNS.>***° The dj; is a direct
measure of the piezoelectric performance of piezoelectric
materials. Ico et al. has revealed the relationship between the
fiber diameter and the ds; in their study, where the d;; was
inversely proportional to the fiber diameter (eqn (5)).>° Thus,
the improved p-phase content and piezoelectric performance
can be correlated with the fiber diameter. Apart from the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the piezoelectric/piezo capacitance measurement setup.

(a) (b)
[ Copper electrode
E Nanofabric
B Acrylic sheet
[] Nonconducting plastic film

Fig. 2 (a) Schematic and (b) actual image of TENG.

Fig. 3 SEM images of (a) EPVDF, (b) PVDF/MNS-0.25, (c) PVDF/MNS-0.5, (d) PVDF/MNS-0.75, (e) PVDF/MNS-1, (f) MNS.
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reduced mechanical stretching effect at higher loading, one
more reason for the low p-phase content could be the lesser
surface area of the MNS for polymer-filler interaction, due to
the agglomeration of MNS particles.

1
logds; = 1.96 + 0.19 logd— (5)
f

where d;; is the piezoelectric coefficient, and dr is the fiber
diameter.

The TEM images of a single nanofiber of PVDF/MNS-0.75
are shown in Fig. 4. The PVDF matrix effectively encapsulates
the well-dispersed MNS sheets facilitated by the electro-
spinning process. The fine dispersion of the MNS sheets helps
in effective polymer-filler interaction.

FTIR spectroscopy

FTIR spectroscopy was used to analyze the electroactive phase
content of EPVDF and PVDF/MNS composite nanofabrics. The

Location 1

MNS

200 nm
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presence of the a-phase is indicated by the peaks at 762, 796,
and 974 cm™, while the electroactive phase is identified by a
peak at 840 cm™. The peaks at 1234 cm™" and 1275 cm™*
represent the signature peaks of the y and p-phases,
respectively'®" (Fig. 5). The enhanced peak intensity at
840 cm™' corresponding to the polar phase, coupled with
reduced peak intensities at 762, 796, and 974 cm™" associated
with a-phase, indicates an increase in the electroactive phase
content with the incorporation of MNS. Furthermore, the
strong peak at 1275 cm™, along with the minuscule shoulder
peak at 1234 ecm™ ', and the absence of other y-phase peaks
such as 776, 811, and 833 cm™ indicate the dominance of the
polar p-phase in the composite nanofabrics.'® Therefore, the
y-phase was not considered for further analysis. The peak at
875 cm™, associated with C-C asymmetric stretching, exhibi-
ted a shift to the range of 876-879 cm™", while the peak at
1177 em™", corresponding to the CF, symmetric stretching,
showed a shift to a range of 1179-1180 cm ™" in the composite

Location 2

Fig. 4 TEM images of a single nanofiber of PVDF/MNS-0.75 at two different locations.

(a)
PVDF/MNS-1 T
= |[PVDF/MNS-0.75 '
& V W
— |[PVDF/MNS-0.5
X
&)

PVDF/MNS-0.25 W
2000 1800 1600 1400 1200 1000 |
Wavenumbercm™) -

860!
--Pi !

1900 880

Fig. 5 FTIR spectra of EPVDF and PVYDF/MNS composite nanofabrics (a) 2000-650 cm™, (b) 900-860 cm™, (c) 1230-1140 cm™.
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nanofabrics™*? (Fig. 5(b) and (c)). The observed shifts in the
vibrational bands suggest significant interaction between the
MNS and the PVDF chains, facilitating the conversion of the
a-phase into the f-phase.

In EPVDF, the f-phase content was 63.6%. On the other
hand, the F(f) of PVDF increased in the presence of MNS in
the composite nanofabrics. The F(B) increased with the
loading of MNS up to 0.75 wt%, reaching 84.3%; after that, it
declined. The enhancement in F(§) may be attributed to a
synergistic effect of the polymer-filler interaction, weak
solvent polymer chain interaction, and the influence of electro-
spinning. The CH, group of PVDF may have weakly interacted
with the C=0 of DMF through hydrogen bonding, facilitating
the emergence of polar phases by lowering the energy barrier
for the same.>>>® Also, the interaction between MNS and
polymer chains promoted the alignment of PVDF chains in the
all-trans conformation. Here, the interaction between the
O-atoms of MNS and the CH, group of the PVDF chains and
the hydrogen bonding between the hydroxyl groups of MNS
and the CF, groups of the polymer might have played a signifi-
cant role in the improvement in the B-phase content (Fig. 6).*°
Also, the negatively charged MNS ({-potential (average) =
—33.4 mV) (Fig. S5t) could interact with the CH, groups of
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PVDF, enhancing the p-phase content in PVDF. The f-phase
content of electrospun nanofabrics are shown in Table 2.

Wide angle X-ray diffraction study

Wide angle XRD was used to analyze the phases and crystalli-
nity in EPVDF and PVDF/MNS composite nanofabrics (Fig. 7).
In EPVDF, the peak pertaining to 18.3° (0 2 0) and 27° (0 2 1)
represent the a-phase, and the peaks at 20.6° (1 1 0/2 0 0) rep-
resents the f-phase, indicating the presence of o and
B-phases.’™> Upon the addition of MNS, the intensity of the
a-phase peak was weakened, and the intensity of the p-phase
peak was intensified, suggesting improvement in F(B).
Moreover, the peaks at 8.7°, 17.7°, and 26.5° belong to MNS
(ICDD-00-006-0263), which confirms the presence of MNS in
the composite nanofabrics. Also, the diffraction peak of the
a-phase at 27° was diminished and masked by the diffraction
peak of MNS. In accordance with the FTIR results, the XRD
results also suggest that the addition of MNS improved the
F(B) of PVDF. Deconvoluted X-ray diffractograms were used to
determine the total crystallinity of the nanofabrics (Fig. 8). The
incorporation of MNS resulted in an increase in the overall
crystallinity of the nanofabrics. The nanolayer surface of the
filler particles in the composite nanofabrics serve as nuclea-
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Fig. 6 Visual depiction illustrating the potential mechanism of interaction between MNS and PVDF chains.>*
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Table 2 p-phase content and X. of PVDF/MNS composite nanofabrics

Nanofabrics F(B)% X, (%)
EPVDF 63.6 36.5
PVDF/MNS-0.25 79.6 42.9
PVDF/MNS-0.5 81.8 44.7
PVDF/MNS-0.75 84.3 46.8
PVDF/MNS-1 83.4 45.4

N - IB &

= S —]

S S

PVDF/MNS-1
i PVDF/MNS-0.75

o, PVDF/MNS-0.5
PVDF/MNS-0.25

- M\ | EPVDF

ICDD-00-006-0263
‘ (MNS)
1 1 I N A1l | || L1

1| A
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Fig. 7 X-ray diffractograms of EPVDF and PVDF/MNS composite
nanofabrics.

;

Intensity(a.u.)

tion sites, interacting with the polymer chains during the
electrospinning process, thereby promoting the crystallinity of
PVDE.>*>° However, at 1 wt% loading of MNS, the surface area
available for nucleation is reduced possibly due to agglomera-
tion of MNS, which led to a decrease in total crystallinity of
PVDF/MNS-1.

Dielectric properties

Dielectric properties of EPVDF and PVDF/MNS composite
nanofabrics were measured at 25 °C across the 1000 Hz-200
kHz frequency range. Fig. 9 illustrates the dielectric properties
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of the nanofabrics with different loading of MNS as a function
of frequency. The dielectric constant of composite nanofabrics
was significantly improved with the incorporation of MNS. At
1000 Hz, the PVDF/MNS-0.75 composite nanofabric had the
maximum dielectric constant value of 14.7, which was 64%
greater than that of EPVDF. The enhancement of the dielectric
constant at lower frequencies may be a result of the interfacial
polarization.®® The overall improvement in the dielectric con-
stant could be ascribed to the following contributing factors:
first, the enhanced p-phase content,®"*> and second, the incor-
poration of MNS.>*®* At the highest loading of MNS, the
dielectric constant considerably decreased, which could be
attributed to a decline in the B-phase content and poor dis-
persion of MNS. In general, the dielectric constant value pro-
gressively decreases as the frequency of the applied electric
field increases, which is due to the failure of the dipoles to
align with the field.®"**

Dielectric loss in polymer composites depends on the
dipolar, distortion, and interfacial polarization. In addition,
conduction loss also contributes to the dielectric loss.®®> The
dielectric loss of PVDF/MNS composite nanofabrics was higher
than that of EPVDF. The increase in the dielectric loss may be
attributed to the formation of small domain networks result-
ing from the addition of MNS, which leads to enhanced inter-
facial polarization and conduction loss.®® The broad peak of
dielectric loss at higher frequency could be due to dipolar/
orientation polarization.®”"*® Additionally, the dielectric pro-
perties of composite nanofabrics are influenced by the mor-
phology of the filler, dispersion of filler, and polymer-filler
interaction.>® The porous structure of nanofabric also
affects the dielectric properties by varying dipole density.*!
The ability of a material to store charges is represented by
its dielectric constant, while the dielectric loss indicates its
leakiness. Materials with high dielectric constants can offer
enhanced triboelectric charge density, whereas those with low
dielectric loss can efficiently hold charges. Therefore, selecting
a material that exhibits a high dielectric constant and a
low dielectric loss is essential for optimal triboelectric
performance.

(b)

PVDF/MNS-0.75 %
B-phase By
a-phase

— Amorphous phase
== MNS
Fit Sum

Intensity (a.u.)

10 12 14 16 18 20 22 24 26
20(deg)

Fig. 8 Deconvoluted X-ray diffractograms of (a) EPVDF and (b) PYDF/MNS-0.75.
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(a) Dielectric constant and (b) dielectric loss of EPVDF and PVDF/MNS composite nanofabrics as a function of frequency, (c) variation of

dielectric constant and dielectric loss with respect to MNS loading (at 1000 Hz) of the nanofabrics.

Piezo capacitance evaluation

The performance of the capacitive sensor was evaluated using
a standard linear motor kit, where the applied force was per-
pendicular to the sensor. The PVDF/MNS-0.75 composite
nanofabric was chosen for further investigation among the
prepared composites because of its high dielectric constant.
To create the capacitive sensor, the PVDF/MNS-0.75 composite
nanofabric was placed between two copper electrodes (parallel
plate capacitor configuration) (Fig. S17).

Fig. 10 shows the responses of the capacitive sensor based
on EPVDF and PVDF/MNS-0.75 composite nanofabric to an
external load. The PVDF/MNS-0.75 based capacitive sensor’s
response (AC/C,) was ~4.4 times higher than that of the
EPVDF-based sensor when subjected to 9 N force. The curve
depicting the response (AC/C,) as a function of the applied
external force was plotted for the PVDF/MNS-0.75 based
sensor, and its sensitivity was calculated by measuring the
slope of the curve. Two regions with distinct sensitivities were
observed; the first one, at a low force range (2-9 N), demon-
strated a sensitivity of 0.6 N™', while the second one, at a
higher force range (10-20 N), exhibited a sensitivity of 0.1 N,
At higher applied forces, the sensor’s sensitivity was reduced.
The change in distance and effective dielectric constant of the
sensor are crucial factors that dictate the sensor’s sensitivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry

When prominent deformation of nanofabric is reduced, and
porosity (the voids between nanofibers) is eliminated at higher
forces, the change in distance, as well as the effective dielectric
constant, are minimum, resulting in reduced sensitivity of the
sensor. The same trend was observed in PVDF/MNS-0.75 based
sensor.

The following equation was used to determine the
capacitance:

egoer A
C=—F— 6
: (6)

where C is the capacitance of nanofabric, ¢, is the dielectric
permittivity of air (8.854 x 10> F m™"), ¢, is the dielectric con-
stant composite nanofabric, A is the area of the electrode, and
d is the thickness of nanofabric.

Capacitance is determined by the dielectric constant, the
distance between the electrodes, and electrode contact area.
The change in capacitance of the nanofabric may be due to
two reasons: first, the force applied may reduce the distance
between electrodes, thereby increasing the capacitance.
Second, the material’s dielectric constant may change due to
the external load, leading to an increase in the sensor’s
effective dielectric constant caused by the reduction of pores
(the voids between nanofibers); however, the dielectric con-
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Fig. 10 (a) The response (AC/Cy) of PVYDF/MNS-0.75 based capacitive sensor (under 9 N load), (b) the response (AC/C) of EPVDF based capacitive

sensor (under 9 N load), and (c) ratio of relative change in capacitance to the initial capacitance of the sensor as a function of the applied load.

stant of composite nanofabrics is crucial factor in determining
effective dielectric constant.>”””%”! The improved sensing prop-
erty of the PVDF/MNS-0.75 composite nanofabric could be
ascribed to its higher dielectric constant value. This capacitive
sensor holds potential for applications in pressure sensors,
tactile sensing, and wearable devices.””

Piezoelectric performance

The response of PNG based on EPVDF and PVDF/MNS compo-
site nanofabrics was evaluated under 8 N force (Fig. 11)
applied using a linear motor kit in the normal direction. The
open-circuit voltage (Voc) of PNG based on composite nanofab-
rics was improved upon the incorporation of MNS into the
PVDF matrix. PVDF/MNS composite nanofabrics-based PNGs
demonstrated better piezoelectric performance due to their
improved p-phase content.”®> The Vo increased as the filler
loading increased, peaking at 0.75 wt% of MNS, and the
maximum Vo of 8.4 V was attained when subjected to 8 N
force. Additionally, the piezoelectric behavior of composite
nanofabrics may depend on the nanofiller’'s morphology and
surface characteristics, as well as the humidity levels main-
tained during the electrospinning.”® "> As the loading of fillers
exceeded 0.75 wt%, there was a decrease in the Vy, potentially

274 | RSC Appl. Polym., 2023, 1, 266-280

due to a decline in the p-phase content at 1 wt% of MNS
loading.

Upon the application of an external force, the dipoles
orient themselves in response to the force. As a result, a piezo-
electric potential is generated across the top and bottom sur-
faces of the electrode. The piezoelectric potential between the
top and bottom electrode causes electrons to flow across the
external circuit, which produces an electric signal. When the
applied force is removed, the dipoles return to their initial
position, and the electrons flow back in the opposite direction
leading to a reverse signal.

PVDF/MNS-0.75 composite nanofabric-based PNG was used
for power density measurement since it showed the highest
Voc. In order to calculate the power density, voltage across the
load resistance was measured. In response to an increase in
load resistance, the voltage increased. At a load resistance of
2 MQ, a peak power density of 3 pW cm™> was attained. The
power density (P) value was determined by employing eqn (7):

VZ
P =
AX R

7)

where V, A, and R are the voltage across load resistance, area
of PNG, and load resistance, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Triboelectric performance

TENGs based on composite nanofabrics containing different
amounts of MNS were prepared to evaluate the effects of MNS
on the triboelectric response (Fig. 12). The fabrication process

Experimental section, and the schematic of the same is
depicted in Fig. 2(a). The TENGs were evaluated under the
application of one finger tapping force (~avg. 3.8 N) in
contact-separation mode. Voc of 110 V was observed for
EPVDF-based TENG. Vo values of 128, 142, 163, and 152 V

of the triboelectric nanogenerators is detailed in the were recorded for TENGs made from PVDF/MNS-0.25, PVDF/
(@) (b)
200} PVDF/ pyppy 160 .
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150 MINS-0.25 120 > ° 1500 S
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Fig. 12

(a) Triboelectric response of the TENG based on nanofabrics with different loading of MNS, (b) voltage response and instantaneous power

density at different load resistances, (c) triboelectric response of PVDF/MNS-0.75 based TENG over ~1000 cycles, (d) the photograph of thirty-five
LEDs connected to TENG based on PVDF/MNS-0.75 in series lit under one finger tapping (inset: schematic of LEDs connected to TENG in series).
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MNS-0.5, PVDF/MNS-0.75, and PVDF/MNS-1 composite nano-
fabrics, respectively. The Vi values of TENGs based on com-
posite nanofabrics were enhanced upon the addition of MNS.
The triboelectric output showed an upward trend with the
increase in MNS loading, peaking at a Voc of 163 V at
0.75 wt% MNS loading. However, a further increase in MNS
loading led to a decline in the triboelectric voltage output. The
TENG consisting of composite nanofabric with 0.75 wt% of
MNS exhibited a triboelectric output ~1.48 times higher than
that of the TENG based on EPVDF. The triboelectric output
voltage can be described by the following equation:*®

(60 —40) x x(t) Ao x de

€o Eo€r

V=

(8)

where €, &, 0y, and Ac are the permittivity of the vacuum, the
dielectric constant of composite nanofabric, the triboelectric
charge density on composite nanofabric, and the transferred
charged density on the electrode. The d. is the thickness of nano-
fabric, and x(t) is the interlayer distance with respect to time (¢).

The open-circuit voltage (Voc) generated by TENG can be
given as:

O'()x(t)
€0

Voe = (9)

The Vo of TENG is determined by the triboelectric charge
density and distance of separation, as shown in the eqn (9). In
a contact-separation mode TENG, the capacitance of the tribo-
electric material plays a crucial role in determining the surface
charge density, as the device has the ability to both store and
generate energy. Therefore, the capacitance of the triboelectric
material serves as a determining factor for the surface charge
density in the contact-separation mode.”*’®”” It is worth
noting that a material’s capacitance is determined by its
dielectric constant and the effective contact area, assuming
uniform thickness. As a result, improving both the effective
contact area and dielectric constant would enhance the tribo-
electric response of the TENG.

The enhanced triboelectric performance of PVDF/MNS
composite nanofabrics could be attributed to its improved
dielectric properties. Furthermore, the improved f-phase
content enhances its triboelectric performance by rapidly
introducing charges onto the composite nanofabrics.?*?>78

View Article Online

RSC Applied Polymers

A lower dielectric constant, a lower p-phase content, and
increased dielectric loss were all contributing factors to
reduced triboelectric output at the highest loading of the
MNS-29,35,77780

Since PVDF/MNS composite nanofabric containing
0.75 wt% of MNS showed the highest Voc among the PVDF/
MNS composite nanofabrics, it was used for the instant power
density measurement (Fig. 12(b)). The voltage measured
across different load resistances (0.39 MQ to 13 MQ) was used
for the calculation of the instant power density. The voltage
generated across the load resistance increased with the
increase in load resistance value. It was possible to obtain a
maximum power density of ~585 pW cm™> across a load resis-
tance value of 7.3 MQ. The PVDF/MNS composite nanofabric-
based TENG’s performance is on par with the systems in the
previously published literature (Table 3).

Roughness of the tribolayers affects the device’s triboelec-
tric performance and durability. The surface morphology and
roughness of the copper tape were studied to ensure its flat-
ness. The copper tape surface was found to exhibit a flat line-
type microstructure pattern (Fig. S2 and S3, ESI}), with an
average roughness value (R,) of 0.2 to 0.215 pum (Table S1,
ESIY}), indicating that the surface is flat, which is beneficial for
the durability of the TENG. Due to the soft nature of PVDF/
MNS nanofabrics, the flatness of copper aids in the device’s
durability. The TENG’s electrical performance showed no evi-
dence of degradation after ~1000 cycles, demonstrating its
durability and structural integrity (Fig. 12(c)). The 35 LEDs
connected in series with TENG based on PVDF/MNS-0.75 com-
posite nanofabric were illuminated under the force exerted by
one finger tapping (Fig. 12(d)). The operational mechanism of
the fabricated TENG has been thoroughly discussed in the ESI,
and Fig. S4 (ESI)t depicts its working principle.

An energy-harvesting device, namely the fluttering-based
triboelectric nanogenerator (FL-TENG), was developed to
capture wind energy (Fig. 13). FL-TENG is a tiny rectangular
duct with a cross-section of 2.8 x 2 cm” and 9 ¢m in length. A
composite nanofabric containing 0.75 wt% MNS with a copper
electrode was attached at the duct’s top and bottom, acting as
a tribo-negative material. The fluttering film was made from
copper foil with a thickness of 30 um and attached at the entry
points of the duct. An electric fan (Tornado II, Orient Electric,

Table 3 Triboelectric performances of similar nanocomposites in literature

Filler Process Voc (V) I(pA cm™) P (UW cm™?) Force (N) Ref.
AgNW (3 wt%) Electrospinning 240 3 — 5 83
GQD (5 vol%) Electrospinning ~75 ~0.05 2.7 — 32
Fullerene (Ceo) (0.2 mg) Electrospinning ~80 ~2 70.5 — 84
Fe;0, nanoparticles (11.34 wt%) Electrospinning 138 ~0.18 — — 35
Dopamine treated SnO, (0.6 wt%) Electrospinning 60 0.38 81 4.5 29
BaTiO; (11.25 wt%) Doctor-blade 131 1.025 — 12 85
casting method
Tig.870, (1.5 wt%) Solution casting 52.8 5.7 — 86
Graphene nanosheets Electrospinning 1511 18.9 13020 50 78
MNS Electrospinning 163.2 — 585 Finger tapping Present
(~avg. 3.8 N) study.
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based FL-TENG when exposed to varying wind speeds.

India) was employed to create different wind speeds for evalu-
ating the triboelectric response of the FL-TENG, while an
anemometer (Professional Instruments Anemometer, India)
was utilized to measure the precise wind speeds. The working
mechanism of FL-TENG is shown in Fig. 13(b). Initially, the
fluttering film remains stationary due to the absence of wind
flow, but as soon as the wind flows at a particular speed, it flut-
ters. The fluttering creates periodic contact and separation
between the fluttering film and the composite nanofabric.
When the fluttering film comes in contact with the composite
nanofabric, it generates triboelectric charges. Subsequently, as
the tribo-negative and tribo-positive layers separate, the
charges present at the interface of the composite nanofabric
induce opposite charges on the electrode through electrostatic
induction. These charges create a strong electric field between
the fluttering film and the electrode, enabling the electron
flow across an external circuit, resulting in the generation of
an electric current. When the fluttering film approaches again,
an opposite electric potential is created, which causes elec-
trons to flow in the reverse direction, creating an electrical
signal in the opposite direction.?"%

The triboelectric behavior of FL-TENG under various wind
speeds is depicted in Fig. 13(c). With there is a rise in the wind
speed, the Vo of FL-TENG exhibits an upward trend. The

© 2023 The Author(s). Published by the Royal Society of Chemistry

3
Time (sec)

(@) Schematic of the FL-TENG, (b) schematic of the working mechanism of FL-TENG, and (c) triboelectric performance of PVDF/MNS-0.75

limited motion of the fluttering film leads to an increased
contact force between the copper film and composite nanofab-
ric. This phenomenon is attributed to an increase in the flut-
tering frequency induced by the increased wind speed.®" The
maximum Vo recorded at 7 m s™* was 70 V, which was the
highest compared to the Vi at the other two speeds. At wind
speeds of 6.3 m s~ and 6.6 m s~ the FL-TENG generated Voc
of 39 V and 58 V, respectively.

Summary and conclusions

The p-phase content and dielectric properties of PVDF/MNS
composite nanofabrics showed significant improvement com-
pared to that of pure PVDF nanofabric. The improvement in
the p-phase content can be attributed to the synergy between
effective polymer-filler interaction and the influence of
stretching cum local poling brought about by the electro-
spinning. The composite nanofabric containing 0.75 wt% of
MNS had the highest f-phase content of 84.3%. It also demon-
strated the highest dielectric constant of 14.7, which was ~1.64
times that of pure PVDF nanofabric. The high dielectric con-
stant of PVDF/MNS-0.75 composite nanofabric aided in its
better piezo capacitance response, which was ~4.4 times that
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of the pristine polymer nanofabric. The sensitivity of the afore-
mentioned composite nanofabric-based capacitive sensor was
0.6 N™*. The performance of the PNG based on the same nano-
fabric was significantly enhanced due to its high f-phase
content. This PNG generated the highest V¢ of ~8.4 V and the
highest instantaneous power density of ~3 pW cm™ under 8
N. The same composite nanofabric also displayed exemplary
triboelectric performance, which can be attributed to its high
B-phase content, enhanced dielectric properties, and improved
piezoelectric performance. The TENG generated a maximum
Voc of 163 V and instantaneous power density of ~585 pW
cm ™ under one finger tapping that were able to illuminate 35
LEDs connected in series. The fluttering-based TENG fabri-
cated based on this nanofabric displayed a maximum Vo of
70 V at a wind speed of 7 m s™". Overall, this study reveals that
the newly developed composite nanofabrics could be useful in
piezoelectric and triboelectric energy harvesting and touch
sensing and can be advantageous in self-powered miniature
devices and IoT.
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