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The aim of this work is to produce tourmaline (TM) doped polyvinylidene fluoride (PVDF) nano-composite fibers. TMcontaining PVDF nanofibers were produced via a horizontally located electrospinning unit. N,N-dimethylformamide
(DMF) and acetone were used as solvents. The amount of PVDF or PVDF/TM in the polymer solution was 20 wt.%.
PVDF was dissolved in DMF in presence of heat by using a magnetic stirrer while TM powder was dispersed in Acetone
in absence of heat by using an ultrasonic stirrer. These two solutions were then mixed for TM/PVDF nanocomposite fiber
production. Pristine PVDF nanofibers were also electrospun as control samples. Produced nano-surfaces were analyzed
under scanning electron microscopy (SEM), Fourier-transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD).
Voltage generation capacities were investigated by recording the voltage outputs of samples under an applied rotational
impact. The peak voltage produced by the TM doped PVDF nanocomposite fibers was higher than the PVDF nanofibers.
Keywords: PVDF, tourmaline, electrospinning, SEM, FTIR, XRD, voltage output.

1. INTRODUCTION

focus on Dimethylacetamide (DMAc or DMA), N,NDimethylmethylformamide
(DMF),
Tetrahydrofuran
(THF), Methylethylketone (MEK) and their mixture with
each other or Acetone [19, 32 – 35].
In this paper, the effect of dopping tourmaline nano
particles in PVDF nanofibers was investigated. Surface
morphology, fraction of β-phase and crystal structure of
produced nanofibers were analyzed and evaluated by SEM,
FTIR and XRD. Further, the voltage output of PVDF and
PVDF/TM nanofibers were investigated under an impact
applied by a motorized rotating arm.

Two topics encouraged researchers to work on
renewable energy: one is that the World goes electronic and
needs more electrical energy for devices and the other is the
risk that energy raw materials may be consumed one day.
Therefore, they have turned to renewable energy sources for
the World's comprehensive energy need.
Piezoelectric materials are able to produce electrical
charges as a result of applied mechanical stress, which
allows them to be considered as a “smart material”. The
energy generated by a piezoelectric material can be called
as renewable energy since it is activated by the mechanical
stress, which will otherwise be wasted. It has been known
since 1880s that some materials can show piezoelectric
properties [1]. Early studies with polymer materials
coincided with the end of the 1960s. PVDF is the first
synthetic polymer to be recognized by its piezoelectric
properties [2]. This polymer may contain crystalline phases
such as alpha (α), beta (β), gamma (γ), delta (δ). One or more
of these phases may be present at the same time in the
polymer structure and one crystal phase can be transferred
to another via mechanical, thermal, electrical fields [3].
Taking advantage of this feature, a significant number of
studies have been carried out on producing piezoelectric
PVDF films [4 – 11], fibers [12 – 16], nanofibers [17 – 21],
fabrics [22 – 24] and so on.
Studies on PVDF based nanofiber and surface
production have accelerated for last two decades and a
number of research works have been carried out on
nanoscale fiber production of PVDF with or without
additives. Some of the additives doped into PVDF polymer
solution are including but limited to PZT [25], graphene
[26, 27], CNT [28], Ni [29], ZnO [30] and Co-ZnO [31].
PVDF is not soluble in water and the solvents to dissolve
this polymer are limited. Most of the works in the literature

2. MATERIALS AND METHODS
PVDF polymer and tourmaline powder were supplied
by Solvay Solexis Ltd. and Shanghai HuZhengNano
Technology Company, respectively. PVDF used in this
study was a homopolymer with a melt flow index of 40 g
per 10 min at 230 °C and 2.16 kg mass. Melting point and
crystallization temperatures of the polymer was ~ 175ºC and
138 ºC,
respectively.
The
solvents;
N,NDimethylformamide (DMF) and acetone were obtained
from EMSURE® and TEKKIM, respectively.
Table 1. The content of polymer solutions used to electrospun
nanofibers
Sample ID
P20-0T
P20-5T
P20-10T
P20-15T

PVDF,
wt.%
20.00
19.00
18.00
17.00

TM,
wt.%
0.00
1.00
2.00
3.00

DMF,
wt.%
56.00
56.00
56.00
56.00

Acetone,
wt.%
24.00
24.00
24.00
24.00

Samples given in Table 1 contain 20 wt.% by weight of
polymer or TM doped polymer (PVDF/TM) in the polymer
solution. The amount of TM doped in polymer was 0 %,
5 %, 10 % and 15 % by weight. The letter P in the name of
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and Kβ are 6.1  104 cm2/mole and 7.7  104 cm2/mole,
respectively.
X-ray diffraction measurement of the produced
nanofibers were performed by a PANalytical Empyrean
brand XRD.
In order to evaluate the voltage outputs, produced
nanofibers were placed between two aluminum layers acting
as electrodes. The prepared samples were subjected to a
mechanical effect by a 360º swiveling arm and at adjustable
speeds. As a result of the applied, the voltage generated by
the sample was transferred to the oscilloscope through the
aluminum layers that acted as electrodes. Voltage output
values were monitored and recorded by a digital
oscilloscope.

the sample refers to the polymer, and the next number refers
to the amount of polymer in the solution. The letter “T”
denotes tourmaline nanoparticles and the number in front of
the letter indicates the weight percent of Tourmaline in the
polymer. For instance, P20-5T sample is produced from
20 % by weight of polymer/TM which contains 95 wt.%
PVDF and 5 wt.% TM.
After several attempts of dissolving PVDF/TM in
DMF/acetone (7:3), it was thought that the temperature
should take the stage in order to allow the polymer to
dissolve more rapidly in the solvent. For this reason, the
polymer itself (PVDF) was first dissolved in DMF, which
has a boiling temperature of 153 ºC) at 80 ºC via a magnetic
stirrer while TM powder was introduced in acetone (with a
boiling temperature of 55 – 56 ºC) and stirred at room
temperature. Once PVDF was dissolved completely in
DMF, the polymer solution was let to cool down below
50 ºC. Two solution then mixed and stirring further at room
temperature until homogeneous mixing of TM/acetone with
PVDF/DMF was observed.
Nanofibers were produced via a Nanospinner-1 (Basic
System) manufactured by Inovenso, Turkey. Due to the
portable needle holder and the collector, Nanospinner-1
electrospinning unit allows nanofiber production in both
horizontal and vertical ways. In this work, the needle and
the collector were located horizontally. For the nanofiber
production, it is necessary to optimize the variables such as
the feed rate, the voltage to be applied and the distance
between the needle and the collector. Therefore, different
feed rates from 0.5 mL/h to 7 mL/h and voltages varying
amounts between 0 kV and 30 kV applied to determine the
appropriate conditions for production. The distance between
the needle and the collector is fixed at 15 cm. As a result of
the trials and evaluations, the feed rate determined for the
production of nanofiber surfaces to be produced within the
scope of the project was determined as 1.5 mL/h. The
applied voltage was determined as 13 kV for the following
productions. The nanofibers were collected on aluminum
foil placed on the collector. The purpose of doing this is to
prevent damage to the produced surfaces from the pickup.
Surfaces, which are sure that the solvent is completely
removed, have been subjected to the necessary analyzes
with foil or stripping off the foil if necessary.
Images of the nanofibers produced were investigated by
FEI brand QUANTA FEG 250 scanning electron
microscope. Infrared spectroscopy of nano-porous surfaces
was investigated by BRUKER brand VERTEX 70 ATR
model Fourier transformed infrared spectrometer. Since the
piezoelectric property in PVDF is related to the presence
and amount of crystal structures in the material, the density
changes in the peaks representing the β-crystal structure will
inform us about the piezoelectricity of the material. The
following formula will be used when making this evaluation
[23, 30, 35]:
𝐴𝛽

𝐹(𝛽) =
(

𝐾𝛽
𝐾𝛼

.

3. RESULTS AND DISCUSSION
Produced nanofibers were analyzed under scanning
electron microscope to determine the fiber formation and
surface morphologies.
SEM images given in Fig. 1 show that electrospun
PVDF and PVDF/TM nanofibers were randomly oriented.

Fig. 1. SEM images of produced nanofibers. Images ordered in the
left were taken with 5000 magnification (scale bar
represents 20 µm) while the images captured and ordered
in the right were taken with a magnification of 20000 (scale
bar represents 5 µm)

(1)

)𝐴𝛼 +𝐴𝛽

where F(β) is the β-crystal structure in the material; A is the
absorbance at a given wavelength and K is the absorption
coefficient. The α and β subscripts refer to the
corresponding crystal structure. Absorption coefficients Kα

The surface morphology of P20-0TM has a rougher
surface as compared to other three samples. Diameter
distribution histograms of produced nanofibers are shown in
Fig. 2. Average fiber diameters were found to be
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271.5 ± 171.2 nm for P20-0TM, 248.2 ± 143.5 nm for P205TM, 175.7 ± 112.7 nm for P20-10TM and 168 ± 89.7 nm
for P20-15TM. It is clear that the addition of TM in polymer
resulted lower fiber diameter which is an agreement with a
study carried out on PET/TM [36].
a

c

interpreted as the reduction of the piezoelectric property.
Piezoelectric properties of the material are related to
β-, γ- and δ-crystal phases, which have polar character. The
most important of these is the β-crystal phase and the
presence of the material in the high β-crystal phase indicates
that the PVDF material has good piezoelectric properties.
The peaks in the spectra at the wavelengths of 840 cm-1,
1276 cm-1 and 1430 cm-1 are the β-crystal phase, whereas
the other peaks are mostly related to γ-crystal phase. An
increase in β-crystal structure has occurred with the increase
in the amount of TM in the material, when Fig. 3 is
examined together with the results obtained from Eq. 1.
XRD analysis was performed on the samples to support
the FTIR results and to give more detailed information about
the crystal structure of the material. To verify the presence
of nanoparticles in produced nanocomposites and the
formation of the beta-phase crystal structure, XRD analysis
was performed on the samples and the results were
processed with the Origin software.
When the graph shown in Fig. 4 is examined, the XRD
peak, which is seen at an angle of ~ 20.5°, shows the βcrystal phase formation in the nanocomposite structures we
produced. XRD peaks at ~ 18º – 19º angles indicate α- and
γ-crystal phase formation [30, 37]. As can be seen, the
addition of TM to the material resulted in an increase in both
the α-crystal structure of the material and the polar β- and γcrystal structures. However, with the increase of TM
nanoparticles added to the material, the β-crystal phase
increase which of prime importance to the piezoelectric
property is clearly seen. Thus, it is possible to say that the
XRD analysis results support the FTIR spectra and
calculations.

b

d

Fig. 2. Diameter
distribution
histograms:
a – P20-0TM;
b – P20-5TM; c – P20-10TM; d – P20-15TM composite
nanofibers

In order to investigate the effect of TM nanoparticles on
the formation of β-crystal structure, FTIR spectra of samples
were investigated. The characteristic vibration bands of the
produced samples were analyzed in the frequency range of
600 – 4000 cm-1. However, the vibration band range, which
has high peak formation and which can provide us with
sufficient information about the material, has been
transferred to the graph. The finger print region spectra of
nanofibers containing different amounts of TM
nanoparticles are given in Fig. 3. The increase in the βcrystal structure here will indicate that the material shows
more expressed piezoelectric properties.

Fig. 4. X- ray diffractograms of PVDF (P20-0TM) and PVDF/TM
(P20-15TM) nanofibers

As seen in Fig. 5 and Table 2, as the amount of TM in
the material increased, detected voltage output was also
increased. Because of the fact that a fixed collector is used
and no drawing is applied, the most effective factors in the
voltage production of produced materials are the TM nano
crystals, and already existing β- and γ-crystalline structures
in PVDF. The peak voltage output of the nanofibers
increased from 40 mV to 72 mV when 5 wt.% TM
nanoparticles were added in polymer. When the amount of
TM increased in the polymer increased further to 10 wt.%

Fig. 3. FTIR analysis results of nanofibers containing 20 wt.%
polymer/TM in solution. The amount of TM in polymer is
0 wt.%, 5 wt.%, 10 wt.% and 15 wt.%

The peaks of 760 cm-1, 796 cm-1 and 974 cm-1 which we
see in the spectra refer to the α-crystal structure of the
material, and the excess of the α-crystal structure in the
material indicates that the material is non-polar. Therefore,
the increase of the α-crystal structure in the material is
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and 15 wt.%, the detected peak voltage also increased
further to 102 mV and 136 mV, respectively.

at different rotational speeds by adding a speed-adjustable
rotary collector to the device as a further study.
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4. CONCLUSIONS
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