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sccepted: 15 January 2021 Over the past decade, piezoelectric nanogenerator have attracted much attention

Published online: to harvest mechanical energy from abundant resources in nature. Here, the ZnS
19 February 2021 microspheres is prepared by hydrothermal method and core-shell structured

PANI/ZnS microspheres are synthesized by in situ polymerization method and
© The Author(s) 2021 then used as filler for the preparation of flexible [P(VDF-HFP)] based piezo-

electric nanogenerator. The flexible P(VDF-HFP)/PANI-ZnS piezoelectric
nanogenerator is prepared by Electrospinning technique. The core-shell PANI/
ZnS composite improves the content of electroactive phase in [P(VDF-HFP)] and
significantly improves the interfacial polarization between the PANI/ZnS par-
ticles and polymer matrix. Among all the samples, [P(VDF-HFP)]/2 wt% PANI-
ZnS composite nanofibers exhibited the high piezoelectric peak-to-peak output
voltage of 3 V compared with the neat [P(VDF-HFP)] (~ 120 mV). In addition,
the high dielectric constant is observed for the [P(VDF-HFP)]/2 wt% PANI-ZnS
composite nanofibers. These results implies that the fabricated flexible and
efficient piezoelectric nanogenerator can be utilized for energy harvesting
system.

1 Introduction in nature [2]. Recently, piezoeletric nanogenerator
(NG) is a promising technology for harvesting
mechanical energy because of their ability to convert
the mechanical energy to electric energy by means of
a piezoelectric material. When the external mechani-
cal force is applied, these materials accumulate elec-
trical charges. Piezoelectric or ceramic materials, such

. ) as ZnO nanowires, BaTiO; thin films, lead zirconium
develo.ped. Among t'hem mechanical Energy 1s very titanate (PZT), Zinc sulphide (ZnS) and lithium nio-
attractive for harvesting energy due to its availability ... [ave been used for the asse mbly of piezoelectric

Due to the growing population and the rising
demand for energy have motivated the development
of few alternative power sources [1]. However, sev-
eral kinds of alternative energy sources such as solar
energy, supercapacitor and Li-ion battery have been
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nanogenerator. However, their brittle nature causes
limitation in the wearable and flexible technology
applications, especially in the bulk form [3-5].
Recently, Poly(vinylidene difluoride) (PVDF) and its
copolymers poly(vinylidene fluoride-trifluo-
roethylene) [P(VDEF-TrFE)] and poly(vinylidene fluo-
ride-hexafluoropropylene) [P(VDF-HFP)] finding
interesting applications in actuators, sensors, energy
harvesting and in the biomedical applications [6].
This is due to their flexibility, lightweight and envi-
ronmental compatibility.

The combination of the piezoceramic and piezo-
electric polymers improve the thermal, mechanical
and barrier properties due to the addition of filler in a
polymer matrix [7]. Among the various available
piezoelectric materials, the noncentrosymmetric ZnS
has gained much attention and used in flat panel
displays, luminescent devices, sensors and lasers,
infrared windows [8-10]. In addition, ZnS is a bio-
compatible and nontoxic material with higher
piezoelectric properties, but it is not as widely
researched as ZnO, lead zirconium titanate and Bar-
ium titanate in piezotronic devices. The ZnS also
have excellent acoustoelectric properties and optical
conductivity and thus can be used in diverse appli-
cations. It has been reported that the polymer
nanocomposites are limited by the internal resistance
and relatively low short-circuit current [11]. Recently,
conductive fillers such as graphene, polyaniline
(PANI) and Carbon nanotube (CNT) has gained
tremendous interest of researchers [12]. These fillers
reduces the internal resistance of nanogenerator and
easily forms conduction pathway by its network
structure [13]. In addition, the incorporation of
nanofillers leads to the enhancement of the B-crys-
talline phase of PVDF, which contributes to the
increase in energy harvesting performance of the
nanocomposites. Mokhtari et al. [14] developed
piezoelectric nanogenerator based on PVDF contain-
ing different additives (ZnO, CNT, LiCl, PANI). They
compared B-phase formation with different additives
and found that the fillers are important for the f-
phase formation.

Several research groups widely used the “poling”
procedure for higher B- phase nucleation, which is
attained by the application of electric field under
mechanical stretching. One of the promising alter-
natives in this regard is the self-polarized piezoelec-
tric nanogenerator. Recently, researchers reported the
electrospun nanofibers as an energy harvesting
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devices because the nanofibers could be assembled as
piezoelectric nanogenerator directly without any
poling treatments. Li et al. have fabricated piezo-
electric membrane device by using electrospinning
method. They have reported that the fabricated
device exhibits high open-circuit voltage, power
density, short-circuit current and electric output [15].
Persano et al. have prepared [P(VDF-TrFe)] nanofi-
bers by electrospining method. This method is suit-
able for producing self-poled piezoelectric nanofibers
[16].

In the present work, PANI coated ZnS micro-
spheres have been synthesized by hydrothermal and
in situ-polymerization method before its addition
into [P(VDF-HFP)]. The incorporation of conducting
polyaniline as a filler into [P(VDF-HFP)] nanofibers.
ZnS acted as a nucleating agent and the conducting
filler act as dispersant, energy enhancer and con-
ducting functional materials in PVDF matrix. The
present work also emphasizes the suitability of PANI
coated ZnS microspheres for the preparation of
[P(VDF-HFP)] nanofibers for energy harvesting
applications.

2 Experimental

Poly(vinylidene fluoride-hexafluoropropylene) (M,,
= 400,000), Acetone and N,N dimethylformamide
(DMF) are obtained from sigma Aldrich. Aniline,
APS (Ammonium per sulphate) and HCI are used for
the preparation of PANI and Zinc acetate dehydrate,
thiourea, polyethylene glycol (PEG) are purchased
for the synthesis of ZnS. All the chemicals are
obtained from sigma Aldrich.

2.1 Preparation of ZnS microsphere

Hydrothermal method is used to synthesize the ZnS
microspheres. Initially, required amount of Zinc
acetate dehydrate is dissolved in 50 ml distilled
water. Then 0.5 g PEG surfactant is added to this
solution. Next, 1 g thiourea is added to the above
solution. The final solution is transferred to Teflon-
lined autoclave of 100 mL capacity and then sub-
jected to heat at 160 °C for 3 h. After the complete
reaction process, the Teflon-lined autoclave is cooled
down to room temperature. The white precipitates
are collected and rinsed several times with distilled
water and ethanol, subsequently for several times
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and then the resultant precipitates are dried in a
vacuum oven at 60 °C .

2.2 Synthesis of PANI coated ZnS
microsphere

The typical preparation procedure of PANI-ZnS
composites is as follow: 0.2 M aniline and 3 wt%
percentage ZnS microspheres are dispersed into
50 mL of 0.01 M HCL solution and the mixture is
stirred in an ice-bath for 2 h. In this solution,
ammonium persulfate (0.2 M) is added drop wise
with continuous stirring for overnight, APS acts as
the oxidant. Subsequently, the precipitate powder is
filtered and rinsed with distilled water and ethanol.
Finally, the precipitate is dried at 60 °C in a vacuum
oven.

2.3 Fabrication of P(VDF-HFP)]//PANI-ZnS
composite electrospun nanofibers

First, an appropriate amount of [P(VDF-HFP)] is
dissolved in the N, N dimethylformamide (DMF) and
Acetone mixture (ratio of DMF and Acetone ~ 1:1)
under stirring for 3 hrs at 70 °C. Subsequently, 2 wt%
of PANI coated ZnS microspheres is dispersed in the
DMF and Acetone mixture by sonication for 2 h.
Finally, the PANI coated ZnS microspheres solution
is mixed with [P(VDF-HFP)] solutions. Then the
resultant solution is kept for overnight stirring. The
electrospinning process is started by loading the
[P(VDF-HFP)]/2 wt% PANI-ZnS solution into a
20 mL plastic syringe. The distance between the col-
lector and the needle is 12 ¢cm and the applied voltage
is 12 kV. A constant flow rate (1.2 ml/h) of the
polymer solution is applied throughout the fiber
collection process. The electrospinning experiment is
carried out at a temperature of 23 °C and a relative
humidity of 30 %. The same procedure is followed
for the [P(VDEF-HFP)]/ZnS and [P(VDF-HFP)]/PANI
nanocomposites. The obtained samples are labeled as
PHP, P-PANI, P-ZnS and P-PANI-ZnS.

2.4 Characterization

The phase and crystalline nature of the composites
are examined by using Empyrean X-ray powder
diffractometer, Panalytical model, UK. The mor-
phologies of the products are observed by using
Scanning electron microscope (SEM) (Nova Nano
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SEM 450) and Transmission electron microscope
(TEM) (Phillips CM 12). The dielectric properties of
electrospun nanofibers are measured using a GMbH
concept 40 (NOVO control Technologies, Germany).
The universal testing machine (Lloyd IKN LF Plus,
AMETEK, Inc., Bognor Regis, UK) at 5 mm/min is
used to obtain the stress-strain curve. Piezoelectric
testing system is similar to our previous report [17].
The output voltage from the piezoelectric nanogen-
erator is measured using a combination of vibrating
shaker, amplifier, frequency generator, and resistor
box and data acquisition system. The sample is
placed on the vibrating shaker with the mass of 2.5 N
and causing a compressive force. The electrical out-
put is measured by a data acquisition system.

3 Results and discussion

A schematic representation of the fabrication of
composite electrospun nanofibers are shown in
Fig. 1. The PANI coated ZnS microsphere are pre-
pared by hydrothermal and in situ polymerization
method as represented in Fig. 1a. According to Ost-
wald ripening mechanism, the small spheres are
joined together and formed microsphere like struc-
ture during the hydrothermal processes. [P(VDF-
HFP)] composites nanofibers containing PANI coated
ZnS microsphere is prepared by using electrospin-
ning method as shown in Fig. 1b [18]. The thickness
of the fiber is 0.42 um for all the samples of neat
[P(VDF-HFP)] and its composite hybrid membrane.

3.1 Structural and morphological
properties of PANI/ZnS composite

Figure 2a depicts the XRD- pattern of PANI coated
ZnS microsphere. The XRD pattern of PANI/ZnS
shows the diffraction peaks at 20 values 14.4°, 20.5°,
25.3°, 28.6°, 48.2° and 57.3° are indexed to the (011),
(020), (200), (111), (220) and (311) planes of PANI and
ZnS phases, respectively [19, 20]. The XRD pattern for
the PANI/ZnS composite shows that the prominent
peaks correspond to the PANI and ZnS, these results
confirmed that the presence of both ZnS and PANI in
our samples. The elemental analysis (EDAX) spectra
for PANI/ZnS composites is shown in Fig. 2b, in
which the characteristic peaks of carbon (C), oxygen
(0), zinc (Zn) and sulfide (S) peaks are found in the
composite. Figure 2c¢ shows the TEM images of the
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Fig. 1 a schematic representation of PANI coated ZnS microsphere, b schematic representation of the fabrication of electrospun

nanofibers

PANI/ZnS composite. It looks like a core-shell
structure with bright inner core and gray outer shell
is observed for the PANI/ZnS composite. During the
polymerization process, the aniline monomer begins
to polymerize after the addition of APS, and then
forms PANI layer on the ZnS surface. This is due to
the electrostatic interactions of positively charged
aniline and ZnS surface [21].

3.2 Structural properties of [P(VDF-HFP))/
PANI-ZnS composite nanofibers

The XRD patterns of the pure [P(VDF-HFP)] and its
composite containing PANI, ZnS and PANI/ZnS
microspheres are shown in Fig. 3a. The de-convo-
luted XRD plots shows the presence of electroactive 3
and y- phases. As seen from the figure, the diffraction
pattern of neat [P(VDF-HFP)] indexed at 20 values
17.9° (100), 18.2° (020) and 19.8° (110) as the crys-
talline planes of the a-phase of the PVDF-HFP. The
XRD pattern also indicates that with the loading of
the PANI, ZnS and PANI/ZnS composite, the inten-
sity of the o-phase became weak and another doublet
diffraction peak appeared at 26 = 20.2° correspond-
ing to the reflection planes (110) and (200) attributed
to the B and y-phase [22, 23]. FTIR spectroscopy is

used to further calculate the content of the elec-
troactive phases. The FTIR spectra (Fig. 3b) confirm
the presence of o-phase in the PVDF-HFP films,
which is evident from the 611, 764, 796, 974 and
1210 cm™ ! bands [24]. The peaks at 1276, 841 cm™ !
correspond to the B-phase [25].

Figure 3b reveals that the intensity of the a-phases
in the case of composite fibers is decreased than in
the case of the [P(VDF-HFP)] nanofibers and the -
phase is increased for the composite fibers. This is
due to the interaction between the surface charges on
the PANI/ZnS fillers and the CH,/CF, dipoles of
[P(VDF-HFP)] and thus increases the electroactive
phase content of the composites [26]. Furthermore,
the electroactive B-phase contents within the [P(VDF-
HFP)] electrospun fibers can be calculated by the
following formula [27].

-

T 1264, + Ay (1)

where Ag and A, are the area of absorption bands at
841 and 764 cm™ '. The calculated values are shown
in Fig. 3c, compared to the neat [P(VDF-HFP)], the
content of B- phase is increased for the PANI, ZnS
and PANI/ZnS composites.
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Fig. 2 a X-ray diffraction pattern of PANI coated ZnS microsphere [PANI, ZnS], b EDX spectrum for the PANI/ZnS, ¢ TEM image of

PANI/ZnS composite

3.3 Morphological properties of [P(VDF-
HFP)]/PANI-ZnS composite nanofibers

Figure 4a—d show the morphological images of pure
[P(VDF-HFP)] and its composite nanofibers.

The fiber diameter of the pure [P(VDF-HFP)]
nanofiber is 600 nm and the fiber diameter is
decreased for the composite nanofibers. A close look
into Fig. 4d, the incorporation of PANI/ZnS micro-
sphere significantly decreases the average diameter
of composite nanofibers. It is found that an incorpo-
ration of PANI/ZnS composite caused the diameter
of the fibers to decrease gradually from 600 to
280 nm. This is ascribed due to the increase in the
conductivity of the solution in presence of the PANI/
ZnS microspheres [28].

The increase in output performance of piezoelectric
nanogenerator is mainly depends on the electroactive
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B-phase The FTIR and XRD results show that the
addition of PANI/ZnS particles in the [(PVDF-HFP)]
matrix leads to an increase in electroactive B-phase
nucleation. The reason for this p-phase enhancement
is due to the electrostatic interaction between CH, or
CF, dipoles of the [(PVDF-HFP)] chains and the
surface charge of the PANI/ZnS.

The electrostatic interaction is described either as
the interaction between the CH, dipoles in [P(VDF-
HFP)] chains and negatively charged surfaces or as
the interface between the CF, dipoles in [P(VDF-
HEFP)] chains and the positively charged surfaces [29].
The schematic diagram of proposed interfacial
interaction between [(PVDF-HFP)] chains and the
particle surface is presented in Fig. 5.
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Fig. 3 a X-ray diffraction pattern of PVDF-HFP and its composites, b FTIR spectra of [(PVDF-HFP)] and its composite and ¢ The

calculated B-phase content in the composite

3.4 Mechanical properties of the composite
nanofibers

The tensile stress-strain test that measures the elas-
ticity of materials. The stress-strain curves of the
sample is shown in Fig. 6a. For the tensile measure-
ment, the nanofiber mats are carefully taken out from
the aluminum sheet. The composite fiber mats
exhibited highest stress and elongation at the break-
ing point. As shown in Fig. 6b, the elongation at the
breaking point is increased for the PANI, ZnS and
PANI/ZnS added composite fiber mats.

The improved mechanical properties of the com-
posite nanofibers is due to the interaction of the
PANI, ZnS and PANI/ZnS particles. The high
mechanical properties of the composite nanofibers
suggest that prepared electrospun nanofibers are
more suitable for the fabrication of piezoelectric
nanogenerator.

3.5 Dielectric properties of pure
and the composite nanofibers

Figure 7 shows the dielectric constant and dielectric
loss of the pure and [P(VDF-HFP)]/PANI-ZnS com-
posite nanofibers. From Fig. 7a, the dielectric con-
stant is increased for the composite nanofibers and it
can attributed to the dispersion and conductive
behavior of PANI/ZnS particles are the main reason
for increasing dielectric constant. Also, the large
accumulation of charge carriers at the interface
between PANI/ZnS particles and [P(VDF-HPF)]
chains leads to increase in dielectric constant. The
high dielectric constant is due to the decrease in filler-
filler distances and that promotes more dipole-dipole
polarization in the composite nanofibers.

This high dipole polarization is responsible for the
high output performance of the piezoelectric
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B-phase content in [P(VDF-HFP)]

nanogenerator. Which is more favorable for the
piezoelectric potential development [30].

From Fig. 7D, it is also shown that the dielectric loss
of the [P(VDF-HFP)]/PANI-ZnS composite nanofi-
bers decreased compared with that of the neat
[P(VDF-HFP)]. The decrease of leakage current is due
to the fact that PANI reduced the mobility and con-
centration of ionizable hydroxyl groups on the sur-
face of ZnS particles, resulting in the decrease of
leakage current [31] The improved dielectric constant
and a low dielectric loss of [P(VDF-HFP)]/PANI-ZnS
composites fibers could possibly find their applica-
tion in energy storage devices.
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3.6 Piezoelectric properties

To check the piezoelectric properties of the pure and
PANI-ZnS/ [P(VDF-HFP)] composite nanofibers,
flexible nanogenerator have fabricated using carbon
tape as an electrode and two wires were attached on
both side of the electrode. The piezoelectric output
voltage is measured with the help an assembled
setup. Figure 8a, schematically illustrates the fabri-
cation of piezoelectric nanogenerator. The flexibility
of the nanogenerator is shown in Fig. 8b. The fabri-
cated piezoelectric nanogenerator is tested for the
piezoelectric performance by evaluating the output
voltage. The sample is placed on the top of the
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vibrating shaker with a specific mass of 2.5 N. When
the shaker vibrates, the mass will give compressive
force on the material. The output voltage is measured
by using data acquisition system. The output per-
formance of the piezoelectric nanogenerator also
depends on the frequency of applied force, because
the mechanical energy from the ambient environment
largely varies and is irregular. Bafri et al. [32] showed
that 75 KHz frequency yielded 1.1 V output voltages.
In this work, the samples were subjected to different
frequencies ranging from 15 to 50 Hz, and the highest
values obtained at 45 Hz. The maximum output
voltages generated for all the samples at a specific
vibration frequency (45 Hz). The sample details of
the fabricated piezoelectric nanogenerator is shown
in Table 1. Figure 8c—f shows the peak-peak output
voltages for PHP, P-PANI, P- ZnS, P- PANI-ZnS
composite nanofibers. The P-PANI-ZnS sample

showed a maximum peak-to-peak output voltage of
3 V (Fig. 8f). The large positive and negative peak is
generated when the nanogenerator is subjected to
imparting and releasing of the weight from the fab-
ricated nanogenerator. Figure 8g shows the compar-
ison of output voltage of the different composite
nanofibers. When the external force is applied to the
material, the composite nanofibers experienced a
strain under a mechanical stress, which deformed the
crystal structure of the composite nanofibers.

The presence of PANI/ZnS fillers in [P(VDF-HFP)]
matrix generates a greater number of charges. This
charge is easily transferred towards the electrodes
through the PANI/ZnS conducting network. The
high output performance of the composites nanofi-
bers is due to the incorporation of core-shell PANI/
ZnS microsphere. It acts as a nucleating agent and
increases the f-phase of the neat [P(VDF-HFP)]
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g Output voltage as a function of time for the hybrid nanofibers

Table 1 The sample details of

the fabricated PNG Applied force

Types of elecrodes

Frequency of excitation Sample thickness Output voltage

25N

Electrospun fibers

45 Hz 0.42 pm 3V

matrix. The internal carrier screening is reducing the
piezoelectric output. In order to suppress the internal
screening effect, the device is fabricated with core-
shell structures. In our case, p-type PANI and n-type
ZnS in composite formed a p-n heterojunction at the
interface. The core-shell junction is important in
suppressing the internal screening of the piezoelectric
nanogenerator [33]. The core-shell composite increa-
ses the dielectric constant of the [P(VDF-HFP)]

@ Springer

matrix. Also, it enhances the self-polarization of the
polymer matrix. The addition of PANI/ZnS core-
shell structure acts as a conducting network between
the piezoelectric materials. Therefore, the [P(VDF-
HFP)]/2 wt% PANI-ZnS provides better output
when compared to the neat polymer.

When no mechanical force is applied to the nano-
generator, there is no voltage peak is observed. When
a mechanical stress is applied to the materials, the
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Table 2 Comparison of

piezoelectric performance of PVDF-based PNG with fillers Poling voltage and duration Output voltage References

1 ith oth 1t o .

Z:trasys em with other reported Graphene-titania-SrTiO3 6 kV for 7 s 2V [35]
Nanoclay 450 kV/cm for 30 min 35V [36]
BaTiO3-h-BN 8 kV for 7 s 24V [37]
BaTiO; 150 MV/cm for 60 min 0.5V [38]
PANI-ZnS Not required 3V Present work

piezoelectric output voltage is generated across the
electrodes and free electrons will transfer across the
electrodes. These free electrons will accumulate at the
electrode nanofibers interface and create a output
voltage. The instantaneous output power density
follows the relation,
V2
P Ayt XRy @

where A.g is the effective electrode area, V is the
voltage and Ry, load resistance [34]. Here the maxi-
mum power density obtained is 2.92 pW/cm? for the
composite  nanofibers  containing = PANI-ZnS
nanomaterials.

A Comparison of piezoelectric output performance
of our material and literature reported piezoelectric
nanogenerator is shown in Table 2. The piezoelectric
performance of P(VDF-HFP)/PANI-ZnS is achieved
simply using an electrospinning technique and
exclusively produced a peak-to-peak output voltage
of 3 V without applying any electrical poling. Com-
pared with other system, P(VDF-HFP)/PANI-ZnS
composite exhibits good output performance where
electrical poling treatment is avoided.

4 Conclusions

In summary, we have fabricated flexible electrospun
[P(VDF-HFP)]/2 wt% PANI/ZnS nanofibers for
piezoelectric energy harvesting application. The
electrospun nanofibers are prepared by using elec-
trospinning technique. The synergistic effect of elec-
trospinning and PANI/ZnS composite enhanced the
content of the B-phase and interfacial polarization
and it is confirmed from the XRD and FTIR tech-
nique. The piezoelectric output voltage is found to
increase for the PANI/ZnS composite nanofibers.
The fabricated piezoelectric nanogenerator generated
a maximum peak-to-peak output voltage of 3 V. In

addition, the nanogenerator exhibited high dielectric
constant and low dielectric loss, which is suitable for
the energy storage devices. These results suggest that
the fabricated flexible piezoelectric nanogenerator is
suitable for energy harvesting system.
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