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Obstract

Polyvinylidene fluoride (PVDF) is a polymer material that exhibits piezoelectricity, which is the ability of certain 
materials to generate an electric charge in response to applied mechanical stress. Electrospun nanofibers were prepared 
from a solution with 1800 mg PVDF (18 wt.%) powder dissolved in 7.5 ml of dimethylformamide (DMF) and 2.5 ml 
acetone. The experimental setup used in the electrostatic deposition process was developed in our laboratory. Atomic 
Force Microscopy (AFM) showed that the fibers vary from 100 nm to 200 nm. Scanning Electron Microscopy (SEM) 
measurements showed distributed and well-formed nanofibers, but with few incidences of beads. The Energy Dispersive 
Spectroscopy (EDX) results showed that all points of the formed nanofibers have very similar chemical compositions, 
based on carbon and fluorine. Raman and Fourier Transform Infrared (FTIR) Spectroscopic analysis revealed the 
characteristic bands related to β-phase in the sample, which is responsible for the piezoelectricity of PVDF.
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1. Introduction

Polyvinylidene fluoride (PVDF) has drawn much 
attention in the scientific, technological, and industrial 
community due to its good mechanical properties, resistance 
to acids, solvents, heat, radiation, and low cost[1,2]. However, 
other characteristics considered more relevant are the high 
ferroelectric, pyroelectric, piezoelectric, and dielectric 
response[2-5]. This polymer consists of alternating CH2 and 
CF2 groups along its polymer chain. In addition, the polymer 
can crystallize into, at least, five distinct crystalline phases, 
known as alpha (α), beta (β), gamma (γ), delta (δ), and epsilon 
(ε)[6-12]. Each phase provides unique properties to the polymer 
and, therefore, different applications[13,14]. The α-phase is the 
most common crystalline phase obtained by PVDF. This 
phase is non-polar and can be obtained by cooling solutions 
with different solvents, for example, dimethylformamide 
(DMF)[15]. The β-phase is the one with the highest dipole 
moment and highest piezoelectric response; therefore, it is 

the most desirable for various applications[5]; for example, 
for applications in sensors and actuators, as it displays better 
pyro- and piezoelectric properties[4,16]. Recently, it was found 
that in the crystallization of PVDF from a solution in DMF, 
the α or β phases can be obtained, depending on the chosen 
crystallization temperature[17]. PVDF solution concentration 
is usually used within a range of 10 – 25 wt.%[2,4]. At high 
and low PVDF concentrations, there are no stability in 
β-phase formation and fewer entanglements between polymer 
molecular chains, respectively[2]. The PVDF nanofibers 
were obtained by electrospinning.

Electrospinning is one of the most versatile techniques 
for obtaining fibrous structures with diameters in micro and 
nanometer scales[4,18-20]. Electrospinning is a technique that 
uses electrostatic forces to produce fibrous filaments with 
diameters in the micrometer and nanometer scale[21-23]. This 
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technique has received considerable attention due to the low 
cost of the materials involved, easy assembly, and handling[4].

Over the years, researchers related to the subject have 
shown that, due to their high surface/volume ratio and high 
performance, electrospun fibers could have great potential 
in various applications[19]. The properties of the materials 
used in the process can be promoted in the electrospun 
fibers, which can act, e.g., as chemical protective clothing[24], 
biomedicine[25], filtering process[26,27], sensors[4,28], electronic 
devices[26,29,30], etc. However, for the transfer of this technology 
to industry and large-scale production, it has been necessary 
to overcome some limitations such as (i) low fiber deposition 
rate, (ii) production of fibers with controlled and consistent 
diameters, and (iii) the obtaining fibers free of defects inherent 
to the control of process parameters[31]. To overcome these 
issues, modifications are being carried out in the process 
and there is a great deal of research focused on evaluating 
the parameters that influence the execution of the technique, 
whether they are related to the properties of the solution, 
environmental conditions of the electrospinning system or 
inherent to the process itself[23,32].

Within this context, this work presents the production of 
PVDF fibers in concentration of 18 wt.% and their physical-
chemical characterization by atomic force microscopy, energy 
dispersive X-ray analysis, scanning electron microscopy, 
Raman and FTIR spectroscopy. In our laboratory, the 
homemade system is used to produce the nanofibers.

2. Materials and Methods

2.1 Materials

Electrospun nanofibers were prepared from a solution of 
PVDF powder dissolved in DMF and acetone. The polymer 
concentration was determined by the percentage of PVDF 
mass (mg) in the solvent volume (ml). The solution was 
prepared with 1800 mg of PVDF (18 wt.%), 2.5 ml of 
acetone, and 7.5 ml of DMF. For the total dissolution of 
the polymer, a magnetic stirrer at 900 RPM was used for 
2 hours. The PVDF (Mw = 534,000 g∙mol-1) and DMF 

(>98%) were purchased from Sigma-Aldrich. Acetone 
(99.8%) was purchased from MERCK.

2.2 Experiemental setup

Figure 1a shows the experimental setup employed in 
the electrostatic deposition process. The process consists 
of three steps: (i) completely dissolving the polymer in an 
appropriate solvent to form a polymer solution of suitable 
viscosity; (ii) placing the resulting solution in a capillary; 
and (iii) subjecting the solution to a potential difference[33,34]. 
With the application of high voltage DC, an electric field is 
created between the capillary (which contains the solution 
with the polymer dissolved in a suitable solvent) and the 
collector plate[21]. In setting up the experimental arrangement, 
one of the terminals of the high voltage source is connected 
to the syringe needle and the other is connected to the 
metallic base or collector. When a potential difference 
is applied, a polarization is created and then the solution 
droplets are attracted by the electric field to the collector, 
which contains the neutral potential of the connected high 
voltage source. The electric field formed contributes to 
the appearance of electrostatic and drag forces that act on 
the polymer solution[21]. The initial flow can be given by 
gravity, a metering pump, or by the process handler. When 
the applied electric field is sufficient to break the attraction 
forces between the molecules of the solution, the liquid is 
expelled in the form of a jet of fibers[19,23,35].

The system is composed of a plastic box, a high voltage 
DC source variable from 0 to 30 kV and 0.400 mA, machined 
polypropylene support with a rod used to fix syringes from 
3 ml to 10 ml[36]. In this system, height can vary from 0 to 
35 cm, and the angular inclination of the syringes varies from 
0 to 360o. A grounded metallic plate was also used where 
the fiber deposition was concentrated. The distance between 
the tip of the 22G1 hypodermic needle (25.0×0.7 mm) and 
the metallic base was set at 15 cm. The hypodermic needle 
inclines approximately 320° relative to the horizontal, and 
for this procedure, the needle tip was previously cut and 
sanded to increase the outflow of the polymer solution. 
Based in previous results, the electrical potential difference 

Figure 1. (a) Homemade electrospinning system; (b) monocrystalline silicon wafer cleaved with deposited fibrous material.
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was set at 15 kV[33]. The duration of the electrospinning was 
3 minutes at room temperature. The box was developed 
with plastic material to ensure electrical isolation and favor 
the electrospinning process, also avoiding, for example, 
air currents to interfere in the formation of field lines and 
consequently the direction of fibers to the sample. In addition, 
the plastic box offers greater safety to the operator, as it 
does not allow contact with the solvent that evaporates 
from the electrospun fibers[36]. The syringe containing the 
solution was adequately connected to the positive pole of 
the high voltage source, while the metallic collector was 
connected to the ground of the high voltage source. It was 
not necessary to use the syringe plunger, because the initial 
flow of the process was spontaneously established due to 
the gravitational action and the viscosity of the solution. 
The electrospun fibers were collected over the metallic 
collector covered by monocrystalline silicon cleaved into 
small squares measuring 1.5×1.5 mm as shown in Figure 1b.

2.3 Characterization techniques

Atomic force microscope (AFM) analysis was performed 
to identify the fibers morphology and roughness using the 
XE-100 Park Systems. The analysis was performed in non-
contact mode using a silicon tip with a nominal radius of 5 nm 
over a scanning area of 8 μm2 for 2D images. The scanning 
electron microscope (SEM) was also employed to analyze 
the morphology. Energy dispersive X-ray (EDX) analysis 
was used to characterize the elements and their distribution. 
For SEM and EDX analysis, the FEI Quanta 650 FEG was 
used. As the electrospun fiber is a polymeric material, a thin 
platinum layer with approximately 10 nm was sputtered 
over the sample in order to increase the conductivity and 
allow the electron dissipation.

Raman spectroscopy was used to provide molecular 
information and the phase composition was investigated 

using Fourier Transformed Infrared (FTIR). Raman 
spectra were recorded in a Renishaw microscope (InVia 
model) with a multichannel CCD detector and He-Ne 
laser (632.8 nm). The Raman spectra were recorded in the 
range from 100 to 3200 cm−1 with the cosmic ray removal 
option on. FTIR spectra were registered on a Shimadzu 
(IEPrestige-21) spectrophotometer. A pellet technique was 
used with potassium bromide (KBr) which is transparent 
to the radiation. The fibers were scrapped from the silicon 
surface added to KBr powder and pressed until a pellet is 
formed. The FTIR spectra were obtained with 120 scans 
and in the region between 400 and 1400 cm-1.

3. Results and Discussions

Figure 2a shows an AFM image of 5×5 µm. It can 
be observed several nanofibers on Si substrate. Figure 2b 
shows an 1D AFM profile at the position of the dashed line. 
The radius of the nanofibers varies from 100 nm to 200 nm 
as estimated by AFM analysis. In particular, the typical 
radius for the electrospun nanofiber is 150 nm as shown 
in Figure 2c. These value are in agreement with reported 
previously in the literature[37,38]. In addition, it was also 
possible to verify that during the scan of the nanofibers, 
the AFM tip came across a bead and then the profile drawn 
in the graph did not follow the curvature expected in the 
projections of the other nanofibers. Therefore, the difference 
between the fiber radius observed in the AFM analysis 
confirms the influence of the solutions parameter. Finally, 
Figure 2d shows a 3D representation of the AFM image 
shown in Figure 2a.

Figure 3a presents morphological images of PVDF 
sample on the substrate obtained from SEM. In addition, 
Figure 3b-3c show the detail of the surface and the interior 
of a bead, which is rounded structure that forms along with 

Figure 2. (a) AFM image of 5×5µm containing typical nanofibers; (b) 1D AFM profile at the position of the dashed line. It is possible to 
notice that when the radius of the nanofibers exceeds 150 nm, can occur self-deformation; (c) 1D AFM profile of nanofiber on position 
2. Nanofibers with radius up to 150 nm maintain the tubular shape; (d) 3D representation of the AFM image is shown in Figure 2a.
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the fiber. Figure 3a-3b illustrates that electrospun of the 
fibers are randomly distributed, well-formed, and with few 
incidences of beads. The applied voltage was sufficient 
to generate an electric field capable of overcoming the 
surface tension of the solution and distorting the droplet 
until the formation of fibrous material. As the fibers were 
not divided into droplets before reaching the collector 
plate, it is verified that the polymer concentrations did not 
negatively influence the process. The distance between 
the collecting tube and the syringe and the outflow of the 
polymer solution through the cut and sanded needle was 
assertive, as the fibers generated present few imperfections, 
which indicates adequate evaporation of the solvent until 
the material deposits on the silicon blade. In addition, in 
Figure 3b-3c, the occurrence of the beads interferes with 
the linearity of fibers. This could be due to distortion in the 
electric field during the process. When the deposition starts, 
the distribution of the electric field that forms between the 
capillary tube and the collecting base is homogeneous, but 
over time the nanofibers already deposited on the surface of 
the material behave as an insulator, distorting and directing 
the jet to regions still free of deposition, in this case, the 
edges of the silicon wafer.

To perform the EDX analysis, six points of sample 
was selected and numbered (1 - 6), three in the beads (1, 
2, 3) and three in the fibers (4, 5, 6), as shown in Figure 4. 
The EDX results showed that all points have very similar 

compositions, containing carbon and fluorine, in addition to 
the platinum used in the coating. EDX analysis also reveals 
no specific or differentiated behavior regarding mapping 
the elemental chemical composition of beads and fibers. 
Overall, such imperfections in fiber linearity are related to 
process parameters and solution properties[39].

The Raman spectrum of the sample is shown in 
Figure 5. Some authors[30,40,41] have already described that 
the electrospinning process favors the appearance of the 
β-phase. With it in mind, it is possible to notice the presence 
of bands referring to the β-phase at 421 cm-1, 840 cm-1, and 
1278 cm-1 in the spectrum[13,30,40]. The band observed at 
799 cm-1 is designed as α-phase[12]. The peak at 840 cm-1 is 
higher in intensity than at 799 cm-1, which may indicate a 
predominance of β-phase if compared to the α-phase. Bands 
referring to CH2, which belong to the PVDF polymer chain, 
are also present and occur in about 1430 cm-1[12]. The intense 
peak centered around 522 cm-1 corresponds to scattering 
by optical phonons of the first order of the silicon lattice 
structure[37]. The spectrum measured of a silicon standard 
is illustrated in the inset of Figure 5 and the main peak falls 
around 522 cm-1. In the studied sample, the peak around 
522 cm-1 arises from the monocrystalline silicon that covers 
the metallic collector where the nanofibers are deposited.

Figure 6 shows the registered FTIR spectra of the 
sample. Vibrational bands at 611 cm-1 (CF2 bending), 
763 cm-1 (CF2 bending and skeletal bonding)[10,38], and 

Figure 3. SEM images of PVDF sample (a) deposited on the substrate; (b) surface of a bead; (c) interior of a bead.
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987 cm-1 were identified in the spectrum of fibers, which 
refer to the α-phase[13,30,40]. The characteristic bands of the 
β-phase, responsible for the piezoelectric properties, appear 
at 441 cm-1, 510 cm-1, 745 cm-1, 840 cm-1, and 1280 cm-1. 
When one compares the peaks at 840 and 1275 cm-1 to 
that at 766 cm-1, in our work (840 and 1280 cm-1 to that at 

763 cm-1), it is noticeable that most of the α-phase in the 
raw powder was converted to β-phase[10]. The FTIR analysis 
confirm the formation of the β-phase and the bands designed 
for this phase are also intense and well-defined. According 
to literature[9,38,42], there is no evidence of formation of 
γ-phase in solution.

Figure 4. Selected points in PVDF sample and EDX spectrum of the six selected points.
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4. Conclusions

The solution of polyvinylidene fluoride (PVDF 18 wt.%) 
was explored to obtain nanofibers by electrospinning 
technique. For the physical-chemical characterization 
of these membranes; AFM, SEM, EDX, Raman, and 
FTIR spectroscopy techniques were used. AFM showed 
that the typical radius for the electrospun nanofiber was 
150 nm. From SEM, sample showed few incidences of 
imperfections and good formation, in addition to being 
continuous with nanometric diameters and randomly 
deposited on the substrate. In addition, EDX showed 
the mapping that the elemental chemical composition of 
the beads, and the part of the fibers are similar. Raman 
spectroscopy and FTIR revealed information about the α, 
β crystalline phases, and the details of the chemical bonds 
in the structure of the samples. The parameters used in 
the shyntesis (1800 mg of PVDF, 2.5 ml of acetone, and 
7.5 ml of DMF); as well as in electrospinning (applied 
voltage of 15 kV, distance between the needle and the 
grounded collector of 15 cm), were assertive for the 
development of nanofibrous materials for application 
purposes as piezoelectric material.

Figure 5. Raman spectrum obtained of the PVDF sample. The inset 
shows the spectrum measured of a silicon standard.

Figure 6. FTIR spectrum obtained from PVDF sample.
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