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Abstract Nanogenerators based on piezoelectric nanofi-
bers capable to scavenging mechanical energy from the
environment and converting into usable electrical ener-
gy. In this research work, the electrospinning parameters
were optimized to produce randomly oriented uniform
PVDF nanofiber mats without structural defects. Then,
optimized nanofiber membranes with different thickness
(110, 220, and 310 um) were fabricated and their output
voltages as a performance factor of the nanogenerator
were measured. Results indicated that the nanogenerator
based on piezoelectric nanofibers can generate voltage
as high as several volts electrical outputs by applying
mechanical impact. Finally, to investigate the effect of
pure thickness on power harvesting efficiency, output
voltages of samples were normalized to thickness. Re-
sults showed that in spite of the existed literature,
increases in nanofiber membrane’s thickness can lead
to decrease the output voltage of nanogenerator. These
results imply promising applications for various wear-
able self-powered electrical devices within the clothing
systems.
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Introduction

Due to recent years, the growth in development and progress
in electronic miniature, portable and flexible devices for ap-
plications such as control and monitoring health human and
structure, military and industrial is rapid [1—6]. Producing a
flexible, lightweight, versatile and very small self-powering
source for this device is still far from the reality [4, 5, 7—11].
Piezoelectric polymers are suitable for produce self-powering
flexible and lightweight sources. Since they can easily deform
by small forces through tensile, mechanical impact, vibration
mechanical, bending and pressure, they are a choice for
self-powering of the microelectronic devices and also
wearable electronics. They also possess high operating
field strength and high dielectric breakdown, which
means that they can withstand much higher driving
fields than ceramics [4, 7, 12, 13].

Among piezoelectric polymers, Poly(vinylidenefluoride)
(PVDF) and its copolymers have excellent piezoelectric
properties [14-17]. The PVDF is a semi-crystalline poly-
mer known by its polymorphism, depending on the pro-
cessing conditions four different crystal structures: «, (3, Y
and o can be obtained [18, 19]. However, only the f3-
phase has the best piezoelectric properties [8, 10, 18, 20,
21]. Although the inorganic nanowire-based electrical gen-
erators can be utilized over a wide working frequency
range, they are required precisely controlled fabricating
conditions. Furthermore, they are brittle and have a very
limited strain level which limited their application. Piezo-
electric polymer nanofibres, on the other hand, have much
better flexibility and possess large sensitive areas. It is
also demonstrated that fiber based generators have higher
flexibility and lower weight compared to those made of
thin films. They are mostly produced by electrospinning
[8, 10, 18, 22, 23]. Applied high voltage or high
stretching ratio of the polymer solution’s jet in
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Table 1 Different conditions used to optimize the electrospun micro-nanofibers

Sample No. Volumetric ratio Concentration (wt.%) TCD* (cm) Flow rate (ml/h) Applied Voltage (kV) Result

(Acetone/DMF)
1 4/6 10 15 1 10.5 Non-uniform Fiber with bead
2 12 0.5 15
3 15 0.5 15
4 15 0.5 17
5 14 15 0.5 17
6 12 0.5 17
7 15 0.5 15
8 17 15 0.5 17
9 10 0.5 17
10 20 15 0.5 13
11 15 0.5 11.5
12 15 0.5 16
13 2/8 20 15 0.5 14
14 15 0.5 16
15 4/6 23 15 0.5 17
16 15 0.5 20
17 26 15 0.5 15 uniform Fiber without defect (bead)
18 15 0.5 15
19 15 0.5 20
20 30 15 0.5 16 Uniform and thick Fiber without bead
21 15 0.5 18

* Tip to Collector Distance

electrospinning process also benefits crystallization in the
3 phase without any further post treatments needed. Also
alignment of the electrospun nanofibers by using a rotating
collector can improve the formation of the 3 phase in the
fibrous structure [18]. Both near field electrospinning and
far field eletrospinning techniques have been successfully
used for making single and mats of poly(vinylidene fluo-
ride) (PVDF) nanofiber, respectively. Both near field and
far field electrospun PVDF nanofibers were directly used
for making power generators without additional post treat-
ments for to poling the dipoles within the fiber crystalline
structure, which is an interesting benefit of using these
techniques to make polymeric nanogenerators [8, 10, 17].
Single poly(vinylidene fluoride) (PVDF) nanofiber

Table 2 Optimized conditions used to fabricate the electrospun
nanofibrous nanogenerators

TCD Flow Applied Volumetric ratio  CRS* Concentration

(cm) rate Voltage (kV) (Acetone/DMF) (rpm) (wt.%)
(ml/h)
15 0.5 20 4/6 216 26

* Collector rotational speed

@ Springer

prepared by a near field electrospinning technique have
been used in order to make piezoelectric power generators
[8, 17, 24, 25]. Zheng et al. [19] fabricated single
poly(vinylidene fluoride) (PVDF) nanofiber prepared by a
near field electrospinning technique and found that
electrospinning with high evaporation rate for the solvent
can effectively improve the formation of the desired phase
(P phase) in the fiber structure for power generation
application. It is well documented that the crystallinity
structure, the 3 phase content, and the morphology are
the key and important issues for making the nanofibers
mats as a nanogenerator [18].

Although the feasibility of harvesting the energy from
the PVDF membranes are investigated in the literature,
the effect of different structural properties of electrospun
PVDF nanofiber membranes should be scrutinized. Be-
cause of the critical dependence on residual charges on
the fibers in the gap between the nanofiber device and
conductive electrodes, it is hard to make a device with
the requirements of a realistic device. Incorporating the
output electrodes within the structure of the nanofibers
mats during the electrospinning process is another re-
quirement of making an effective wearable device.
Therefore, in order to overcome the drawbacks of the



J Polym Res (2014) 21:571

Page 3 of 14, 571

Fig. 1 Schematic of the setup
used for evaluation of power
generation of samples

cable

computer

existing devices, in this work, the electrospinning pa-
rameters were optimized in order to produce uniform
randomly oriented PVDF nanofiber mats without struc-
tural defects and both nanofiber membrane and con-
ductive electrodes were assembled simultaneously dur-
ing the electrospinning process. Also, in order to study
the effect of the membrane thickness on the output
voltage of the nanogenerator, different samples with
different thickness were produced and their output
voltage as a performance factor of the nanogenerator
were measured. Finally, output voltage of samples was
normalized to the membrane’s thickness to investigate
the effect of pure thickness on their power harvesting
efficiency.

Experimental
Materials
Poly(vinylidene fluoride) (PVDF) pellets with molecular

weight viscosity of 46,000 (g.mol ") were purchased form
Sigma-Aldrich. The solvents used in this work were N, N-

Fig.2 a Schematic structure, and a
b photo of an actual of the
nanofibrous generator device

Paper tape N

Nanofibers mat-—__~

Electrode

stainless steel &
weight —

<§——— Paper pipe

data acquisition ~&—— sample
card
wooden
table

dimethylformamide (DMF, Merck Chem. Co.) and acetone
(Merck Chem. Co.). All the materials were used without
further purification.

Preparation of the PVDF Nanofibers membranes

A factorial experiment was designed to investigate the
significance of processing parameters including polymer
concentration, applied voltage, feed rate of polymer
solution, collector rotation speed and electrospining dis-
tance on average fiber diameter and morphology of
nanofibers (Table 1). Extensive electrospinning experi-
ments were performed accordingly and their morphol-
ogies, crystallinity, and mechanically robustness were
compared in order to optimize the electrospinning and
the solution parameters to formation of continuous,
smooth fibers at high densities and with mesoscopic
joints at crossing points. By comparing the initial re-
sults, the conditions are given in Table 2 was selected
as the optimum conditions for fabrication of the device.
Electrospinning was performed by a 1.0 ml plastic sy-
ringe tipped with a 22-gauge stainless steel needle. The
positive lead from a high voltage supply (Gamma High

b
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SEM i Mean +
mages
Sample 'mag Std of fiber
No. diameter
Scale 1 Scale 2
(nm)
1 110+ 39
No fiber
2
3 No fiber
4 No fiber
5 90420
6 94123

Fig. 3 SEM images and mean fiber diameters for PVDF nanofiber samples (according to conditions in Table 1)
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10
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Fig. 3 (continued)

Voltage Research) connected to the metal needle, with
the applied voltage of 20 kV. The solutions were
injected into the needle at a constant rate of 0.5 ml/h
with a syringe pump (KD Scientific, USA). A cylindri-
cal drum collector (outer diameter 26 cm) wrapped with
Cu foil, with some modification to be able to put the
conductive electrodes on it during the electrospinning,
were used as the collector [23]. The distance between

190+183

109430

102+32

160+49

131442

the needle tip and the collector was 15 c¢cm, and rota-
tional speed of collector was 180 rpm.

Preparation of PVDF film
A thin PVDF film sample, as the control sample, obtained

from the spreading polymer solution on the glass and drying
in an oven at the temperature 110 °C.
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Fig. 3 (continued)

Characterization techniques

Crystalline structure of samples (PVDF film and nano-
fiber mats) were analyzed by XRD (EQuinox 3000
model, INEL France Co.) using Cu-Ko radiation (A=
0.154 nm), with the generator working at 40 kV and
30 mA. FTIR spectra of PVDF film and nanofibers
were recorded by Spectrometer (model: NEXUS 670,

@ Springer
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Amirkabir University

Nicolet Co.) over a range of 400-4,000 cm '. Melting
temperature (Ty,), and melting enthalpy (AH,,) of PVDF
granule and electorspun nanofibers were measured with
differential scanning calorimeter (DSC) (model: DSC
2010, TA Instruments.co) at a heating rate of
20 °C/min. The impedance of samples were measured
as a function of frequency (70 Hz to 20 KHz) using an
impedance analyzer made in AIMS Lab (http://aims.aut.
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Fig. 3 (continued)

ac.ir/) at room temperature. In order to fabricate the
energy conversion device, PVDF nanofiber mat with
different thickness (110, 230, 310 pwm) with aluminum
tape as electrode were used. The aluminum tape was
attached to the two sides of the nanofiber mats for
measuring output voltage. The thicknesses of mats
were measured by a thickness gauge (model: SDLO
34, Shirley Co.). In order to pole of PVDF nanofiber
mats obtained from the electrospinning process, the

424+180

396+120

812+123

11314389

1127+250

opposite faces were electrode by attaching thin
aluminum tapes with soldered wires. The output of a
high voltage power supply (PAD10-25 model, Phenix
Co.) was then applied across the terminals coming off
the electrode faces. This process of poling was carried
out for 4 h at room temperature. To measure the
electrical resistance of samples, a Keithley instrument
(keithley 2601a) with input voltage between —40 V and
+40 V was used. Also, in order to visually detect the
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piezoelectric signal from samples, a pressure sensor was
fabricated as shown in Fig. 1. A conductive adhesive
Aluminum tape (thickness: 0.05 cm), was adhered to the
bottom and upper sample, as electrode. The
microstructure and the morphology of nanofibers mats
was characterized by using scanning electron
microscope (SEM, model:XL30,PHILIPS Co.). All
samples were gold coated (Bal-tec SCD50 sputter
coater) and the images were taken at an acceleration
voltage of 20 kV. The fiber diameter was measured
using image processing software (Imagel, National In-
stitutes of Health, USA).

Fabrication of power-generating devices

To fabricate a nanofiber power generator, a small piece
of PVDF nanofiber mat (2 cm?) was used as an active
layer. A paper tape frame was set just outside the
nanofiber mat and this help to keep away from envi-
ronmental noises effectively. Two pieces of thin alumi-
num tape were used as electrodes which sandwiched the
PVDF nanofiber mat and placed on the collector. The
whole device was then sealed using a commercial paper
tapes (Fig. 2).

Measuring output voltage of electrospun fibrous devices

Experimental setup for measuring the output voltage of
samples (2 cm*1 cm) is shown in Fig. 1. The sample
with an electrically insulated (electrical tape) top sur-
face to avoid any electrical interference between the
stainless steel weight and the sample, was placed on a
wooden table. The stainless steel weight was dropped
from a fixed height through a paper pipe onto the
sample. The stainless steel weight drop distance was
15 cm and its mass was 5 g. The stainless steel weight
was dropped directly onto sample top surface and the
output voltage was recorded and display data by data
acquisition card Advantech (PCI-1716) and computer

Fig. 4 SEM images at two
different scales for the optimized
sample with uniform fibers

@ Springer

for each sample upon impact by the stainless steel
weight.

Results and discussions

Optimization the process condition and morphological study
of the electrospun PVDF nanofiber membranes

The SEM images (at two different scales except for
sample No. 2, 3 and 4 because no fiber was formed)
and mean fiber diameter of electrospun PVDF nanofiber
(according to Table 1) are shown in Fig. 3. As it is
clear from Fig. 3, non-uniform nanofibers with different
defects such as beads, and solution spray dots were
produced in some process conditions suggesting that
solution or process parameters are not suited to make
a uniform jet during the electrospinning.

SEM images in Fig. 3 show that with using the
rotating collector and increasing feed rate nanofibers
can be formed (comparison sample No.l with 2, 3,
and 4). Also with comparison of the SEM images
No.5 and 12, generally it can be seen that an increase
in solution concentration with applied voltage (above
15 kV) nanofibers with more uniform structure can be
fabricated (decreasing size of bead, with decreasing
diameter). Pervious researches showed that increasing
the concentration of polymer is a key parameter in order
to produce nanofibers without bead [26]. Increasing
applied voltage and adding a solvent with low boiling
point into the electrospinning solutions, can result in-
creases in [(-phase contents in nanofibers, and conse-
quently, increase piezoelectric response [18, 19]. It can
be also easily confirmed that with an increasing in
concentration of polymer solution (keeping other param-
eters constant) the average fiber diameter increases. The
larger fiber diameters at high concentrations could be
attributed to the viscosity of the solution that could be
high enough to lower the bending instability of the jet
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20 Mean Diameter: 812 nm
Std: 123 nm
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Fig. 5 Histogram of fiber diameter distribution for the optimized sample

and consequently, decreasing the drawing forces in the
spinning zone [27-33].

Comparing the SEM images of samples No. 13 and
14 with samples No. 15 and 16, it can be concluded
that with considering the concentration to applied volt-
age ratio for two samples (No.13, 14) with samples
(No.15, 16) is almost the same, in the volumetric ratio
of 6 to 4 solvents (DMF to acetone), nanofibers with
more bead defects have been produced. This could be
due to the fact that, in lower acetone/DMF ratio, evap-
oration rate of solvents during electrospinning process is
reduced, and therefore, the polymer droplet imposes
more stretch ratio to the jet before reaching to the
collector [18], although the influence of increasing poly-
mer concentration should not be neglected. Comparing
the SEM images of samples No.l7 (without rotating
speed) and 18 (with rotating), the influence of rotating
collector in order to produce uniform electrospun fibers

a)
-~
=
<
=
2
£
‘2
=
@
S
=
=

o
b
T T T T T T T '
5 10 15 20 25 30 35 40 45

2q (deg.)

Fig. 6 X-ray diffraction patterns for a) electrospun PVDF nanofiber
mats; b) PVDF film

2980 cm”’
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4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumbers (cm")

Fig.7 FTIR spectra: a) electrospun PVDF nanofiber mats; b) PVDF film

without beads can be considerable. Based on these
results, following parameters were selected for fabrica-
tion of the nanogenerator device: 6/4 (DMF/acetone)
volume ratio of solvents, 20 kV of applied voltage,
and 23 wt. % of polymer concentration. SEM images
at different scale and fiber diameter distribution for the
optimized sample (No. 19) are shown in Figs. 4 and 5,
respectively. As it is shown in Fig. 4, fibers are uniform
in their longitudinal axis which is in high interest for
sensor and/or actual applications. In these applications
there is a need for getting a constant response from
each part of the membrane.

X-ray diffraction analysis
Since to create the piezoelectric properties in electrospun

PVDF nanofiber mats, the [3-phase crystalline should be
formed which is the one with the most effective

\__\ (a)

. (®b)

<—Exothermic Heat Flow (w/g)

0 20 40 60 80 100 120 140 160 180 200
Temperature (°-C)

Fig. 8 DSC thermograms: a) electrospun PVDF nanofiber mats; b)
PVDF granules (with heating rate of 20 °C/min)
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Fig. 9 The experimental
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piezoelectricity, X-ray diffraction (XRD) of the optimized
sample was performed. XRD patterns provide information
on the long-range order and the crystal structure of
random networks. As shown in Fig. 6, the XRD curves
show a typical 3 crystal phase peak at around 20=20.5
°, which is assigned to the total diffraction in (110) and
(200) planes [10, 34-36]. The peak at 40° corresponds
to the reflection of the (020) plane of the x-phase. This
peak (a-phase) reduced in intensity for electrospun
membrane compared to the PVDF films produced with
DMF solvent. This suggests that less «-phase and more
[3-phase is formed during the electrospinning [34].
Therefore, the electrospinning processes can be effec-
tively utilized to formation of (3-phase crystalline and
improved piezoelectric properties in nanofiber mats.
This could be attributed to the fact that the application
of high voltages in the electrospinning process essen-
tially leads to the alignment of the electric dipoles
present in the PVDF solution, with the degree of

Fig. 10 The experimental
electrical resistant of the 40 |
electrospun PVDF nanofiber mats

Voltage (V)

4.00E-08

@ Springer

alignment being proportional to the magnitude of the
applied electric field.

Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR spectrum of the nanofiber mats shows vibra-
tion peaks at 840 cm™' and 1,280 cm ! (Fig. 7), which
are typical vibration characteristics of the 3 crystalline
phase according the previous research and finding [10,
16, 34-37].

The content of (3-phase was characterized by the absor-
bance ratio, Ag, of the FTIR absorption peaks at 840 cm ' and
peaks at 2,980 cm ! based on the Eq. (1) [38].

Agao
Ag = 1
7 Aro80 M

where Agyo and Ajggorepresented the FTIR absorbance
peak height at 840 cm™' (characteristic of B-phase) and

y =2E+09%x - 125.03
R2=0.9991

5.00E-08 6.00E-08 7.00E-08 8.00E-08

Current (A)
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Fig. 11 Output voltage of sample
without poling treatment

Output Voltage (V)

2,980 cm ' respectively. By contrast, the bands of the
non-polar «-phase are not appreciable, which confirmed
the results obtained from XRD. Furthermore, the f3
crystal phase content, F(f3), in the nanofibers was esti-
mated based on the Eq. (2) [36], For the nanofibers
prepared using the electrospinning, the (3 crystal phase
content increased from 11 % for the PVDF film sample
to 68 % for electrospun PVDF nanofibers.

Ap

_ LA 2
1.264, + A5 @)

F(P)

where A, and Ag are the absorbance at 763 and 840 cm L.

From XRD and FTIR results revealed that the film
has a weaker (-phase crystallines than electrospun
nanofibers mats. Therefore this can be conferred that
for create piezoelectric properties, electrospinning pro-
cessing brings the formation of (3-phase crystalline in
PVDF membrane without need to post treatment (e.g.
drawing, annealing and etc.).

DSC analysis

Figure 8 presents DSC melting traces of electrospun
PVDF nanofiber mats and granules. The melting tem-
perature (T,,) of PVDF granules (170.96 °C) is more
than nanofibers (167.45 °C). The crystalline structure at
the higher temperature region is the sign of formation of
the o-phase while that at the lower one is the (3-phase
[39] and the melting point of (-phase is less than the
melting point of «-phase [35]. It can also be seen from
Fig. 8 that the melting enthalpy of PVDF nanofibers
(AH,,=68.22j/g) is much more than granules (41.70 J/
g). As a result, according to Eq. (3) [39], there is an
increase in crystallinity for electrospun nanofiber mats
(for granules is around 40 % and for nanofibers is
65 %), which that confirmed formation a new

EP——— L

Time (S)

crystalline structure (e.g. 3 phase) in electrospun nano-
fiber mats.

_ AH,,(sample)

= * 1 pr— 1
Xe = =5 100, (AH, (lit) = 104.7j/g)  (3)

which AH,,, (lit) is enthalpy of melting for 100 % crystalline
material.

Measuring electrical properties
Amplitude impedance

Amplitude impedance via applying frequency by using im-
pedance analyzer is shown in Fig. 9. This behavior indicates
that the piezoelectric device (consist of nanofiber mats and
two aluminum tape electrode) has an acceptable capacitance

property.
Electrical resistant of electrospun PVDF fibrous mats

The electrical resistance of the fibrous structure was measured
with Keithley instrument. As it can be seen in Fig. 10, the
order of electrical resistance of electrospun PVDF nanofiber
mats is Giga ohms (around 2 GQ).

Table 3 Five repeat of the output voltages (pick to pick) for each sample
at different thicknesses

Measured Voltage (V) Thickness(pm)

110 230 310
Repeat 1 33 55 6.4
Repeat 2 32 54 6.2
Repeat 3 3.1 52 6.1
Repeat 4 2.9 5.1 59
Repeat 5 2.8 5 59
Average value 3.06 524 6.1
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Fig. 12 Voltage output of the
device with 110 pm nanofiber
mat’s thickness

Output Voltage (V)

Piezoelectric performance of the fabricated device
(voltage output)

Voltage outputs generated by impact effect were detected by
an excremental setup as it is shown in Fig. 11. Piezoelectric
response of initial electrospun PVDF fibrous mats as shown in
Fig. 11 is not desirable and detectable. This could be due to
random orientation of micro-nanofibers within the mat struc-
ture of the device, which causes neutralization of electric
dipoles of each other.

Therefore, in order to pole the electrospun nanofiber mats,
the opposite faces of samples were electroded by attaching
thin aluminum tapes with soldered wires. A high voltage of
1.2, 2.6, and 3.9 kV were applied through the terminals
coming off from the electroded faces for samples with thick-
nesses 110, 230 and 310 um, respectively, using a DC power
supply (PAD10-25). This process of poling was carried out for

Fig. 13 Voltage output of the
device with 230 pm nanofiber
mat’s thickness

Time (S)

4 h. The output voltage (pick to pick) for electrospun PVDF
micro-nanofibers mats with different thicknesses was mea-
sured for each sample with 5 time repeats and the mean value
used for interpretations (Table 3). Typical output voltage
diagrams for samples with thicknesses of 110, 230, and
310 um are shown in Figs. 12, 13, 14, respectively. Also to
make ensure that voltage output is only arisen from
electrospun PVDF nanofiber mats, an electrospun PVA mat
with the same thickness (120 wm) was used instead of PVDF
nanofiber mat within the device and then voltage output was
measured. The result showed no signal voltage output from
PVA sample as it was expected.

In order to investigate the effect of pure thickness on the
output voltage of the device, results were normalized to thick-
ness for each sample (Table 4). It was interestingly found that
normalized output voltage decreases with increasing the thick-
ness of electrospun nanofiber mats. This could be due to the

Output Voltage (V)
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Fig. 14 Voltage output of the
device with 310 pm nanofiber
mat’s thickness

O e b0 ua
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Output Voltage (V)
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fact that with increasing the thickness of mats, fibers within
the structure of samples can be more randomly oriented which
causes neutralization of electric dipoles of each other.

Conclusions

In this work, an attempt was made to explore the possibility of
utilizing a fabrication scheme for developing a one-step
electrospun nanofiber-based mechanical-to-electrical genera-
tor. The possible mechanism for the formation of (3-phase
PVDF produced by electrospinning might be attributed to
several factors including: nucleation of the (3-phase due to
the high applied voltage, and high stretching ratio to the
droplets during the electrospinning process which is in some
way similar to uniaxial mechanical stretching and poling
treatments. A one-step fabrication process of piezoelectric
PVDF nanofiber mat that can be used to convert mechanical
energy to electrical power was tested successfully in this
research. Voltage outputs were obtained as high as several
volts and the electrical energy was able to be stored to power
electronic devices. It has been also revealed that several fac-
tors, including the polymer solution parameters, geometry of
the collector, electrospinning parameters and materials of the
electrodes, should be taken into account in designing and
fabricating the efficient devices for using in the smart and
wearable electronic textiles applications. This nanofiber mat

Table 4 Output voltage normalized to the thickness for each sample

Normalized output voltage (V) Thickness (pm)

110 230 310
Repeat 1 0.03 0.023 0.020
Repeat 2 0.029 0.023 0.02
Repeat 3 0.028 0.022 0.019
Repeat 4 0.026 0.022 0.019
Repeat 5 0.025 0.021 0.019
Mean value (V) 0.028 0.023 0.020

=4
W
(v

20 25
Time (S)

10 15

power generating device may provide a simple, efficient, cost-
effective and flexible solution to self-powering of microelec-
tronics textiles for various purposes.

Results also showed that in spite of the existed literature,
increases in the thickness of nanofiber membranes can lead to
decrease the output voltage of nanogenerator which can be
considered for further investigations.
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