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ABSTRACT

Introduction: Poly(vinylidene fluoride) (PVDF) possesses some unique characteristics, such as
piezoelectric, ferroelectric, and pyroelectric properties. The B crystalline phase of PVDF exhibits
the strongest piezoelectric and pyroelectric properties. In this study, the influence of the electro-
spinning process and graphene oxide (GO) composition on the B-phase formation of PVDF fibers is
reported. Methods: The morphology of electrospun PVDF and PVDF/GO fibers was observed us-
ing a scanning electron microscope (SEM). Characteristics of the crystal phase of electrospun PVDF
and PVDF/GO fibers were analyzed by Fourier transform infrared spectroscopy (FTIR), Raman spec-
troscopy, X-ray diffraction (XRD), and differential scanning calorimetry (DSC). Results: The PVDF
fiber fabricated by the electrospinning technique had a crystallinity degree that increased by more
than 117% compared to that of the precursor PVDF powder. The X-ray diffraction results show that
the entire & phase of PVDF was converted to the 8 phase due to elongation deformation under the
force of an electrical field during the electrospinning process. The presence of GO also induced the
formation of the B phase of PVDF due to the interaction between the atomic groups on the surface
of GO sheets and on the PVDF molecular chains. Conclusion: Both the electrospinning process
and GO led to an increase in the crystallinity of PVDF. PVDF/GO nanofibers with crystallinity degrees
above 60% can be applied in many fields, such as water purification membranes, air filters, energy

harvesting materials, biosensors, and catalysts.

Key words: electrospinning, polyvinylidene fluoride, polymer nanofibers, crystalline phase,

piezoelectric materials

INTRODUCTION

Poly(vinylidene fluoride) (PVDEF) is widely used in
various applications due to its excellent mechanical
strength, chemical resistance, and some unique prop-
erties, such as piezoelectricity, ferroelectricity, and
thermoelectricity!. PVDF is a semicrystalline ho-
mopolymer that is made up of monomer units (-CH,
- CHy-). PVDF has five crystallite polymorphs, in-
cluding , B, 7, 8, and ¥ phases2
parts specific properties to the polymer and there-

. Each phase im-

fore has distinct applications. The a phase exhibits
better thermodynamic stability. Meanwhile, the 8
phase shows the strongest piezoelectric and thermo-

electric properties3

. In the a-phase conformation,
the average dipole moment per monomer is decreased
because the dipole is tilted relative to the normal
axis. Moreover, the lattice of the ¢t-phase comprises
two molecular chains in a trans conformation, whose
dipole components are antiparallel to the chain axis
and mutually neutral. As a result, the o phase is
nonpolar and does not display piezoelectric and ther-

moelectric properties. The B-phase conformation

has dipoles that are parallel to the chain axis thus,
this conformation induces large spontaneous polar-
ization and displays strong ferroelectric and piezo-
electric properties . Because of these unique prop-
erties of the B-phase, PVDF has been applied in the
manufacture of actuators, biosensors, energy harvest-
ing devices, filtration membranes, etc. For liquid and
gas filtration, piezoelectric PVDF membranes can re-
duce fouling by preventing the deposition of filtrate
on the membrane surface. As a piezoelectric material,
PVDF has the ability to convert mechanical strain into
electrical energy, which is used in energy harvesting
devices®7.

The f3-phase of PVDF can be formed by conversion
from the o-phase by using techniques such as me-
chanical drawing and electrical poling®. Electrospin-
ning, a technique to fabricate nanofibers, is consid-
ered an effective method to cause the crystal phase
transition of polymeric materials. In the electrospin-
ning process, the polymer solution is stretched into
nanofibers by the force of the electric field during its
travel from the needle tip to the collector (Figure 1).
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Thus, electrospinning causes uniaxial elongation of
the PVDF molecular chains along the fiber axis, lead-
ing to the formation of the B-phase®. Some studies
have reported that the -phase content of electrospun
PVDF nanofibers is strongly influenced by various
parameters of the electrospinning process, including
solution parameters (solution concentration, solvent
system, molecular weight), processing variables (ap-
plied voltage, spinning distance, flow rate, fiber collec-
tor), and environmental conditions (temperature and
humidity)®. To enhance the piezoelectricity of elec-
trospun PVDEF fibers for energy harvesting, Szewczyk

et al.l0

investigated the effect of voltage polarity and
environmental humidity on the electrospinning of
PVDE. The authors reported that a two times higher
composition of the fB-phase was obtained at a hu-
midity of 60% compared to 30%. The solvent system
is one of the factors affecting not only the morphol-
ogy but also the crystal structure of the electrospun
PVDF nanofibers. The solution containing a high
fraction of a low volatile solvent crystallizes slowly,
providing enough time to nucleate the thermodynam-
ically stable B-phase®. In addition, the preparation of
electrospun PVDF nanofibers with the incorporation
of nanofillers, such as metal oxides®!!, carbon nan-
otubes 12, graphene”, and GO'4, could facilitate B-
phase formation. For example, the piezoelectricity of
PVDF nanofibers was enhanced by adding graphene
as a nanofiller due to the interaction between the i
bonds of graphene and fluorine atoms in PVDF in-
ducing the formation of the B-phase 1. It has been re-
ported that incorporating fillers containing carbonyl
groups into the PVDF matrix resulted in their ho-
mogeneous dispersion and enhanced the f3-phase of
PVDE. Similarly, GO showed high compatibility with
PVDF because of the strong interaction between car-
bonyl groups appearing on the GO surface and the
fluoride group of PVDF and resulted in the forma-
tion of the pure 3-phase of GO/PVDF nanocomposite
films 1316,

This study analyzed and evaluated the formation of
the f-phase due to two impact factors: the influence
of the electrospinning process and the influence of the
presence of graphene oxide (GO). The morphology
and phase characteristics of the materials were ana-
lyzed by several analytical methods: scanning elec-
tron microscopy (SEM), infrared spectroscopy (IR),
X-ray diffraction (XRD), Raman spectroscopy, and
differential scanning thermal (DSC).

MATERIALS AND METHOD

2742

—

Syringe pump

Collector

Figure 1: Electrospinning system.

Materials

Graphite flake (99% carbon, from 50-800 um in
diameter and 1-150 pum thick, Sigma Aldrich);
H,SO4 (96%, China), H,O, (30%, China); HCI
(China); KMnOy (99.5%, Vietnam); PVDF powder
(Kynar@761A), N,N-dimethylacetamide (DMAc >
99.0%, Sigma Aldrich) and acetone (> 99.7%, Sigma
Aldrich).

Method

GO was prepared from graphite flakes by the modified
Hummer method as reported in our previous study 7.
Briefly, 3 g of graphite powder was put in a 500 ml
flask placed in an ice bath. Then, 45 ml of concen-
trated H,SO4 was added and stirred for 30 minutes.
Next, 0.45 g of KMnOj4 was slowly added to the above
mixture and stirred for 15 minutes. Then, 9.0 g of
KMnOy was continuously added so that the tempera-
ture of the mixture did not exceed 90 °C. The mixture
was stirred at 90 °C for 1 h, and then 120 ml of dis-
tilled water was slowly added and stirred for another
20 min. Then, 10.5 ml of HyO, and 80 ml of distilled
water were poured into the above mixture. After stir-
ring for 30 minutes, the mixture was filtered to obtain
a graphite oxide cake. Graphite oxide was further dis-
persed in 200 ml of 0.1 M HCl and stirred for 20 min.
Then, it was filtered and washed several times with
distilled water, dried at 80 °C for 12 hours, ground,
and sifted into graphite oxide powder. Finally, the
graphite oxide powder was dispersed in distilled water
to reach a concentration of 0.1 mg/ml and exfoliated
by a tip sonicator (MW-2000, SINEO) for 10 min to
obtain GO.

A 14 wt% PVDE solution for the electrospinning pro-
cess was prepared by dissolving 1.4 g PVDF in a mixed
solvent of 5.16 g DMAc and 3.44 g acetone using a
magnetic stirrer at 60 °C. To prepare a 14 wt% PVDF
solution containing 4 wt% GO (PVDF/GO4), 0.056
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g GO was dispersed into a mixture solvent of 5.16 g
DMACc and 3.44 g acetone in an ultrasonic bath for
1 hour. Next, 1.4 g PVDF was added into the above
mixture and stirred at a temperature of 60 °C.
Electrospun PVDF fibers were fabricated by the fol-
lowing steps. PVDF solution was filled into a 5 mL
syringe with a stainless-steel needle. The syringe was
placed on a microinfusion pump, and the feed rate
of the solution was set at 1.0 mL/h. The voltage ap-
plied to the needle was 10 kV. The distance between
the needle and the collector was 20 cm, and the rotat-
ing speed of the collector was 800 rpm.

The morphology of PVDF and PVDF/GO fibers was
observed by SEM (JSM-6510LV). The characteristics
of the fibers were analyzed by an FTIR spectropho-
tometer (NEXUS 670 from Nicolet), a Raman spec-
trometer (MacroRAM, Horiba), and X-ray diffrac-
tometers (XRD EQUINOX 5000).

RESULTS

SEM images of PVDF and PVDF/GO fiber mem-
branes fabricated by the electrospinning technique are
shown in Figure 2. The PVDF fibers had a uniform
morphology with an average diameter of 2717 + 314
nm. Its distribution of fiber diameter was narrow. The
average diameter of PVDF/GO4 fibers was 3085+610
nm, with a wider fiber diameter distribution com-
pared with that of PVDF fibers.

FTIR spectra of PVDF powder, electrospun PVDF
fibers, and electrospun PVDF/GO fibers between 600
and 1000 cm~! are displayed in Figure 3. In the
case of the PVDF powder, the characteristic peaks of
the o phase appeared at 613 cm™!, 763 cm™!, 796
ecm~!, and 974 cm ™! corresponding to the vibrations
of skeletal bending, CF, bending, CH, rocking, and
CH, twisting, respectively. In addition, it has a weak
peak at 840 cm™! (CH, rocking), which is a signal
of the B phase'®. In the FTIR spectra of electrospun
PVDF and PVDF/GO fibers, the intensity of the peak
attributed to the 8 phase at 840 cm ™! increased, while
other peaks characterizing the o phase disappeared.
Figure 4 presents the XRD patterns of GO, PVDF
powder, PVDF fibers, and PVDF/GO4 fibers fabri-
cated by the electrospinning technique. In the XRD
pattern of GO, a peak appeared at 10.6°’ correspond-
ing to the interlayer spacing between graphitic sheets.
The XRD pattern of PVDF powder shows peaks at
diffraction angles of 18.7°, 26.7°, and 39.3°, which are
typical for the reflection of the crystal planes (020),
(021), and (002), respectively. These were character-
istic peaks for the a phase of PVDF crystals. The
crystal structure of the 8 phase is characterized by
a high-intensity peak at 20.4° and a weak intensity
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Figure 3: FTIR spectra of (a) PVDF powder, (b)
electrospun PVDF fibers, and (c) electrospun
PVDF/GOA4 fibers.
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Figure 4: XRD patterns of (a) GO, (b) PVDF pow-
der, (c) electrospun PVDF fibers, and (d) electro-
spun PVDF/GOA4 fibers.

peak at 37.9°, corresponding to the reflection of the
(110)/(200) and (020)/(310) planes®. In the XRD pat-
tern of the electrospun PVDF fiber membrane, there
were two peaks representing the 3 phase at 20.7° and
37.0°, while the characteristic peaks of the o phase

were not observed.

Figure 5 shows the Raman spectra of GO, electro-
spun PVDF fibers, and electrospun PVDF/GO fibers.
The Raman spectrum of GO exhibited D and G bands

-1

at wavenumbers of 1312 and 1594 cm™", respec-

tively. For electrospun PVDF/GO4, the D band of GO

shifted to a lower wavenumber of 1303 cm™~!.

DSC diagrams of PVDF powder, electrospun PVDF
fibers, and electrospun PVDF/GO fibers and data ob-
tained from DSC diagrams are presented in Figure 6

and Table 1. The crystallinity degree of the samples is
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Figure 2: SEM images of GO (a and a’), electrospun PVDF fibers (b and b’), and electrospun PVDF/GO4 fibers
(cand c’). The distribution of the fiber diameter of electrospun PVDF and PVDF/GO4 fibers is shown in (b) and (c)
images, respectively. The inserted arrows in image (c) show the aggregation of GO sheets.

2200 T T T T
2000 4
1800
1600 -

1400
1200

|@

Intensity (a.u
© B
3 8
8 8
L

@

=]

3
L

(b)

IS
=)
3

n
=
o S
L

1 T T T T T
800 1000 1200 1400 1600 1800 2000 2200
Raman shift (cm™)

Figure 5: Raman spectra of (a) GO and (b) electro-
spun PVDF/GOA4 fibers.

determined using equation (1) as follows:

AHy

%C = 5 < 100% (1)
AHp

where AH? is the enthalpy of fusion of 100% crys-

talline PVDF (AH;° = 104,7 ]/g) and AH is the en-

thalpy of fusion of the samples?.

As shown in Table 1, the crystalline degree of the elec-

trospun PVDF fibers (41.86%) was much higher than

that of the precursor PVDF powder (19.21%). In ad-

dition, the presence of GO also increased the crys-

talline degree of PVDF from 41.86% to 66.36%.

DISCUSSION
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Figure 6: DSC diagrams of (a) PVDF powder,
(b) electrospun PVDF fibers, and (c) electrospun
PVDF/GOA4 fibers.

Morphology of electrospun PVDF and
PVDF/GO fibers

Electrospun PVDF fibers appeared with uniform
morphology. Meanwhile, PVDF/GO fibers occasion-
ally appeared as clusters of particles on the fibers (in-
serted arrow direction). This might be due to the
aggregation of GO sheets into large particles in the
PVDF solution. In addition, the diameter of the
PVDF/GO4 fibers was larger than that of the PVDF
fibers. The presence of GO in the PVDF solution
might decrease the charge density of the solution due

01920 result-

to the inherent insulating property of G
ing in decreased stretching of the polymer jet under

electrical force?!. In addition, the addition of GO in a
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Table 1: The melting point (T,,), enthalpy of fusion (AH/), and crystalline degree (%C) of PVDF powder,
electrospun PVDF fibers, and electrospun PVDF/GO4 fibers

Samples Ty (°C)
PVDEF powder 164.6
PVDEF fibers 166.6
PVDF/GO4 fibers 159.0

AH (J/g) %C
20.11 19.21
43.83 41.86
69.48 66.36

polymer matrix also increased the viscosity of the so-
lution 15 consequently, the diameter of PVDF/GO4
increased. Interestingly, the surface of both PVDF
and PVDF/GO4 appeared to have a porous structure.
This result was caused by the high humidity of the en-
vironment (>60%) and the difference in the volatil-
ity of DMAc and acetone solvents, leading to phase
separation between the inside and outside parts of
the solution jet, which was drawn under the electri-
cal field 1°.

Influence of the electrospinning process
and GO composition on the crystal phase of
the PVDF fiber membrane

In the FTIR spectra of electrospun PVDF and
PVDF/GO4 fibers, the intensity of the absorption
peak of the B phase at 840 cm™! significantly in-
creased, while the characteristic peaks of the o
phase at 613 cm~ !, 763 cm™!, 796 cm™!, and 974
cm ™! completely disappeared 7. Moreover, the bands
at 874 cm~! are assigned to C-H wagging®? and
the vibration of the B phase??, which appeared with
higher intensity in the FTIR spectra of the electro-
spun PVDF and PVDF/GO4 fibers than in that of the
PVDF powder. These results indicate that the 3 phase
predominated in the electrospun fibers. On the other
hand, the electrospinning process and the addition of
GO strongly affected the crystal structure of PVDE.

The characteristic peaks of the o phase were not ob-
served in the XRD patterns of the electrospun PVDF
and PVDF/GO4 fibers, indicating that the o phase
was completely converted into the 8 phase after the
This is the effect of two
factors induced in the electrospinning process: me-
chanical stretching and electrical poling. Mechanical

electrospinning process.

stretching contributes to the transition of the coiled
structure into a crystalline array, in which the molec-
ular chains are arranged into the f3-phase conforma-
tion. The application of an electrical field on PVDF
molecules during the electrospinning process also re-
sulted in the orientation of the crystallite polar axis
in the direction of the electrical field, thereby pro-
moting more polarization of the  phase. The ad-
dition of GO to the PVDF fiber also affects crys-
talline phase formation. The electrospun PVDF/GO4

fibers had a complete crystalline form in the f3-phase.
Moreover, the crystalline degree of the electrospun
PVDEF/GO4 fibers was higher than that of the electro-
spun PVDF fibers, as shown by a larger characteris-
tic peak at 20.7°. Interestingly, the diffraction peak
of GO disappeared in the XRD pattern of the elec-
trospun PVDF/GO4 fibers. The adsorption of molec-
ular chains of PVDF on the GO sheet surface was
completely achieved due to the electrostatic interac-
tion between the functional groups of GO and the
dipole groups ~CF, 2472, When the molecular chains
of PVDF adsorbed on the surface of GO lamellae, they
became straight, resulting in an ordered structure of
the B phase?S. Therefore, GO could play the role of
a nucleating agent, providing a substrate for PVDF
crystal nucleation of the 8 phase.

The Raman spectrum of GO exhibited D and G bands
at wavenumbers of 1312 and 1594 cm ™!, respectively.
The D band characterizes the out-of-plane vibration
of the defect, and the G band indicates the sp2 bond
vibration in the crystal plane of the GO structure. The
D band of GO in the electrospun PVDF/GO fibers
shifted to a lower wavenumber, possibly accounting
for the interaction between GO and PVDF in the elec-
trospun fibers. The molecular chains of PVDF contain
F atoms with a highly electronegative charge. These
F atoms could interact with the positively charged C
atoms in the carbonyl groups of GO. Hydrogen bond-
ing between the C-H and C-F groups of PVDF and
the ~-OH and ~-COOH groups of GO could also be
formed 2426, As a result, GO sheets intercalated be-
tween PVDF chains, causing an extension of the ¢-
phase conformation into the f3-phase conformation,
hence promoting the formation of the 3 phase.

The crystalline degrees of the precursor PVDF pow-
der, electrospun PVDF and PVDF/GO4 fibers were
quantitatively calculated from their enthalpy of fu-
sion obtained by DSC analysis. The crystalline de-
gree of the electrospun PVDF/GO4 fibers was much
higher than that of the electrospun PVDF fibers. The
crystalline phase of PVDF fibers was formed because
the molecular chains of PVDF were arranged and ori-
ented in the direction of the electrical field during
the electrospinning process. In addition, the presence
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of GO also increased the crystalline degree of PVDF
from 41.86% to 66.36%. These data were in agreement
with the results obtained by FTIR, XRD, and Raman
analysis.

CONCLUSION

This study shows that PVDF and PVDF/GO fiber
membranes with a high B phase composition were
achieved by using the electrospinning technique and
the addition of a GO component. The electrospin-
ning process exerted mechanical stretching and elec-
trical poling in the direction of the electrical field,
which completely converted the a phase into the 8
phase. The degree of crystallinity was significantly in-
creased from 19.21% for the PVDF powder to 41.86%
for the electrospun PVDF fibers. GO played the role
of nuclei for PVDF crystallization due to the elec-
trostatic interactions between the functional groups
of GO and the -CF, groups of PVDE leading to
the formation of an ordered structure of the crystal
phase. With 4 wt% GO, the crystalline degree of elec-
trospun PVDF/GO4 fibers was 66.36%. Electrospun
PVDF/GO fiber membranes with porous structures
and high crystallinity can contribute to increasing the
performance of materials in many applications, such
as water filtration, gas filtration, energy harvesting
materials, biosensors, and catalysis.
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