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Abstract: The process of electrospinning polymer solutions depends on many entry parameters, with
each having a significant impact on the overall process and where complexity prevents the expression
of their interplay. However, under the assumption that most parameters are fixed, it is possible to
evaluate the mutual relations between pairs or triples of the chosen parameters. In this case, the
experiments were carried out with a copolymer poly(vinylidene-co-hexafluoropropylene) solved
in mixed N,N’-dimethylformamide (DMF)/acetone solvent for eight polymer concentrations (8, 10,
12, 15, 18, 21, 24, and 27 wt.%) and five DMF/acetone ratios (1/0, 4/1, 2/1, 1/1, 1/2). Processing
of the obtained data (viscosity, mean nanofiber diameter) aimed to determine algebraic expressions
relating both to viscosity and a mean nanofiber diameter with polymer concentration, as well as
DMF/acetone ratio. Moreover, a master curve relating these parameters with no fitting factors was
proposed continuously covering a sufficiently broad range of concentration as well as DMF/acetone
ratio. A comparison of algebraic evaluation with the experimental data seems to be very good (the
mean deviation for viscosity was about 2%, while, for a mean nanofiber diameter was slightly less
than 10%).

Keywords: electrospinning; nanofibrousweb; poly(vinylidene-co-hexafluoropropylene);N,N’-dimethylformamide;
acetone; master curve

1. Introduction

Fluoropolymers, in which fluorine atoms are directly attached to their carbon-only
backbone, exhibit a series of properties, suiting their frequent application in various sec-
tors such as transport (including aviation and electric vehicles), pharmaceutical, medical,
and semiconductor industries, ion-exchange membranes for energy storage among oth-
ers [1–3]. Their unique physicochemical properties, which include durability, stability and
mechanical strength in harsh conditions, chemical inertness, biocompatibility, nontoxicity,
resistance to temperature and fire, make them irreplaceable by most other polymers that
cannot guarantee a similar range of useful attributes.

Polyvinylidene fluoride (PVDF) has recently drawn significant attention for its applica-
bility in membranes (membrane desalination) [4,5], electrode binders or separator coatings
in batteries [6,7], photocatalyst [8,9] and energy harvesting (conversion of mechanical
vibrations into electrical energy via the direct piezoelectric effect and thermal fluctuations
into electrical energy via the pyroelectric effect [10]) due to its high hydrophobicity and
relatively easy processability [11]. PVDF also exhibits a high dielectric constant, and can be
ferroelectric in some of its crystal phases; thus, this polymer is characterized by a sponta-
neous polarization in the unstrained state and is capable of re-orientating its polarization
direction via an applied electric field.
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In spite of the simple chemical structure of PVDF, it can exhibit five different poly-
morphs depending on its processing conditions [12]. The most common and stable poly-
morph of PVDF of the five phases is the α-phase. However, the β-phase represents the
most important one due to its piezoelectric and pyroelectric properties and applications
which come from the largest spontaneous polarization per unit cell of β-PVDF [13,14].
β-PVDF possesses these properties due to its well-oriented polarized structure of the all-
trans planar zigzag conformation (TTTT); an illustrative picture is depicted as Figure 1
in Martins et al. [15]. The problem is that the crystalline structure of PVDF obtained by the
melting and solvent evaporation method is generally the α-phase [16].

Figure 1. Chemical structures (from left to right) of PVDF-co-HFP, DMF and acetone.

This obstacle can be overcome by applying electrospinning as a process, naturally
forming β-PVDF conformation. During the process of electrospinning, a high electric
field (tens of kV) causes the emanation of viscoelastic jets from the polymer solutions to
a collector, where the polymeric nanofibers which are free of evaporated solvent form
nanofibrous mats (for details see Refs. [17–19]). More elaborate electrospinning devices are
being continuously developed, as seen in Ref. [20]. The application of such a high electric
field changes the molecular conformation of PVDF, and the polar β-phase is more likely to
form than α-phase [21]. Among the factors supporting formation of β-phase ranges:

- high-voltage applied to the electrospun solution [21];
- high stretching ratio of the viscoelastic jets [21] analogous to uniaxial mechanical

stretching causing the α- to β-phase transition [22–25];
- rotation of the collecting drum [26];
- low crystallization temperature that arises from the low environmental temperature

during electrospinning [13,15];
- rapid evaporation of the solvent [13,15].

All these factors contribute to the induction of the polar β-phase of PVDF nanofibers
during electrospinning process, resulting in no need for post-processing treatment [13].

A proper choice of solvents is crucial for the proper electrospinning of PVDF. Bottino et al. [27]
studied PVDF polymer-solvent interactions based on Hansen solubility parameters [28].
Out of 46 liquids, they determined eight of them as good, including two polar aprotic
solvents: well-coordinating N,N’-dimethylformamide (DMF) and weakly coordinating
acetone with boiling points of 153 ◦C and 56 ◦C, respectively. Among three ‘classical’ sol-
vents of PVDF (all classified as good), i.e., N,N’-dimethylformamide, N-methylpyrrolidone,
and dimethyl sulfoxide, an application of the first one results in the highest piezoelectric
properties and the smallest fibre diameter [29], thus substantiating its frequent usage.

Zheng et al. [13] used mixed DMF/acetone as the solvent and showed dominant
participation of the β-phase in electrospun nanofibrous mats. This is explained by the fact
that the addition of solvent with a low boiling point accelerated the evaporation rate -of the
solvent- during the electrospinning process. This higher evaporation rate might lead to a
lower solidifying temperature for the electrospinning jets, which may promote nucleation
and thereby the crystallization of the β-phase of PVDF [13].

The mixed DMF/acetone solvent favouring the presence of the β-phase simultane-
ously participates in the morphology of the resulting nanofibers. The DMF/acetone ratio
strongly influences both possible (dis)appearance of beads along the nanofibers (abrupt
local change of diameter) and a mean nanofibers’ diameter. The addition of acetone to
DMF contributes to uniform and bead-free nanofibers owing to its volatile nature [30,31].
A positive effect of the adding of acetone to DMF was also -apart from PVDF- observed
for mixtures of PVDF with polylactide [32], trifluoroethylene [33,34] and poly(methyl
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methacrylate) [35]. Recent work [36] has studied the influence of 10 various volatile
solvents (including acetone) in combination with DMF on the morphology of PVDF nanofi-
brous mats.

In parallel with the presence of acetone, a purity of DMF also strongly participates
in the possible appearance of singularities (beads) along the nanofibers. Uyar and Besen-
bacher [37] used DMF with different grades as supplied by the producers, and showed
that DMF conductivity ranged within the interval 0.4–10.1 µS/cm. Using polystyrene as an
electrospun polymer, it was demonstrated that there is a direct proportionality between
DMF purity and the vanishing of beaded nanofibers.

The increasing participation of acetone in the mixed DMF/acetone solvent results in
an increasing mean nanofiber diameter [25,38,39] caused by the higher boiling point and
polarity of DMF than those of acetone [40]. However, increasing the content of acetone has
its limit, as at higher values, the process of electrospinning is stopped (owing to blockage
of polymer solution transport) [31].

Apparent improvements in nanofibrous mat behaviour obtained from PVDF/DMF/acetone
can be obtained by using a copolymer PVDF-co-HFP (poly(vinylidene-co-hexafluoropropylene)
instead of a pure PVDF, and detailed information on copolymers based on PVDF is pre-
sented in Voet et al. [41]. Practically all the properties of PVDF-only nanofibrous mats
are preserved in this copolymer, including the principal attribute: dominance of the β-
phase [42]. Moreover, plasticity of the hexafluoropropylene (HFP) group enhances the
chain stability [18,43]. The increased hydrophobicity (improving e.g., membrane efficiency)
results from an increase in the fluorine content [44]. In addition, the copolymer exhibits the
highest dielectric constant and electroactive response, including piezoelectric, pyroelectric,
and ferroelectric effects, more details e.g., in [45,46].

The electrospun PVDF-co-HFP nanofibers proved efficient for the preparation of bat-
tery separator membranes used in Li-ion batteries [47,48] and magnesium ion batteries [49].
Compared to PVDF nanofibrous membranes, the PVDF-co-HFP membranes contributed to
a better stability in membrane distillation applied to seawater desalination [50,51]. This
application also used the copolymer as one part of dual-layer nanofibrous membranes with
promising results [52], while PVDF-co-HFP nanofibrous mats also showed their applicabil-
ity in passive ice protection [53]. The behaviour of electrospun copolymer PVDF-co-HFP (20
wt.% and 15 wt.%) solved in DMF/acetone in the ratio 4/1 was studied in Shahabadi [54]
and Zhao et al. [55], respectively.

As analysis of this behaviour of electrospun polymer solution is rather scarce in
comparison with the application of only pure DMF, the aim of this contribution is to
determine the functional relations expressing a mean nanofiber diameter through used
concentration of the copolymer PVDF-co-HFP and a ratio DMF/acetone, and viscosity
in dependence on the same variables. For every application of nanofibrous mats, the
mean nanofiber diameter plays a decisive role in that specific use-case and where each
application has its specific diameter range. For this reason, being able to predict the
resultant diameter range dependent on the entry parameters attracts the corresponding
attention. Indeed, some entry parameters can pre-determine the possible suitability of
the polymer solutions when electrospun. The viscosity parameter represents one of the
key influencing factors predetermining a passage from electrospinning to electrospraying,
the creation of blobs and even electrospinning suppression, but especially significantly
participates in obtaining the range of nanofibrous diameters. Hence, the interplay between
these two characteristics (viscosity and diameter) is of crucial importance. As a main result,
a master curve determining viscosity of the polymer solution is presented. In other words,
polymer solution viscosity can be determined by using only a ratio of DMF/acetone and
polymer concentration. In this relation, no fixing parameters are involved and this estimate
is continuously valid over a sufficiently broad region of concentration and DMF/acetone
ratio. Validity of the proposed relations are confirmed by the experiments carried out
in the concentration region 8–27 wt.% (8 discrete values: 8, 10, 12, 15, 18, 21, 24, and



Polymers 2021, 13, 3418 4 of 12

27 wt.%) and DMF/acetone ratio 1/0–1/2 (5 discrete values: 1/0, 4/1, 2/1, 1/1, and 1/2).
Correspondence between theoretical predictions and the experimental data is very good.

2. Materials and Methods
2.1. Material

Kynar Flex®® 2801 (copolymer poly(vinylidene fluoride)-co-hexafluoropropylene),
Mw = 455,000 g/mol, datasheet [56], was purchased from Arkema (Colombes, France),
N,N´-dimethylformamide (DMF) (p.a., >99.5%) was purchased from P-LAB, a.s. (Prague,
Czech Republic), acetone was purchased from Sigma-Aldrich (Merck, St. Louis, MO, USA),
purity > 99% (by HPLC quality). All chemicals were used as obtained without further
refinement. The chemical structures are depicted in Figure 1.

2.2. Preparation of Electrospinning Solution

The copolymer PVDF-co-HFP was dissolved in five ratios of the mixed DMF/acetone
solvents (pure DMF 1/0, 4/1, 2/1, 1/1, 1/2) using a magnetic stirrer MR Hei-Tec (Heidolph
Instruments GmbH, Schwabach, Germany) with the help of a teflon-coated magnetic cross
under these conditions: mixing rate was 250 rpm, temperature 25 ◦C and time of mixing
was 24 h. The content of copolymer was successively changed (eight concentrations):
8, 10, 12, 15, 18, 21, 24, and 27 wt.%. The higher concentrations in combination with
DMF/acetone ratio of 1/2 were not completely applicable due to poor mixing and the
inability to electrospin these materials as discussed later (high viscosity, suppression of
Taylor’s cones).

2.3. Process of Electrospinning

For the process of electrospinning we used our laboratory needleless device equipped
with a high-voltage power supply SL70PN150 (Spellman, Hauppauge, NY, USA), a carbon
steel stick (10 mm in diameter) with a semispherical hole for depositing 0.2 mL of polymer
solution and a motionless, flat metal collector, for details see Ref. [57]. The basic parameters
were set to the values: a voltage of 18 kV, the fixed tip-to-collector distance of 100 mm,
temperature of 21 ± 3 ◦C, a relative humidity of 35 ± 5%.

2.4. Rheological Measurements

A rotational rheometer Physica MCR 501 (Anton Paar, Graz, Austria) equipped
with the concentric cylinder geometry (the inner and outer diameters were 26.6 and
28.9 mm, respectively) was used both for oscillatory measurements (frequency sweep
within 0.1–100 Hz at strain 1%) providing elatic G’ and viscous G” moduli, and for shear
viscosity measurements (a range 0.01–300 s−1). The value of shear rate

.
γ = 0.12 s−1 be-

longing to a linear viscoelastic region was chosen for measurement of shear viscosity
of copolymer solutions with different polymer concentrations and DMF/acetone ratios.
Temperature was set to 25 ◦C. Each measurement was carried out at least three times and
the individual runs were practically identical.

2.5. Characterization of Nanofibrous Mats

A high-resolution scanning electron microscope Vega 3 (Tescan, Brno, Czech Republic)
was used for nanofibrous mats characterization. First, the samples were sputtered by
a conductive coating layer using a sputter Quorum Q150R (Quorum Technologies Ltd.,
Laughton, UK). A mean nanofiber diameter derived from 300 measurements taken from
three different images was determined by applying the Adobe Creative Suite software
(San Jose, CA, USA).

3. Results and Discussion

As already stated above, both DMF and acetone are good solvents of PVDF-co-HFP.
This is confirmed by the Hansen solubility parameters [28] summarized in Table 1 including
-for a comparison- also data for pure PVDF. The data for PVDF and PVDF-co-HFP was
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taken from Bottino et al. [27] and Meringolo et al. [58], respectively. The individual Hansen
solubility parameters (HSP) have the following meaning:

Table 1. Summary of HSP parameters for entry components.

Component δd [MPa1/2] δp [MPa1/2] δh [MPa1/2]

PVDF 17.2 12.5 9.2

PVDF-co-HFP 19.9 12.8 11.6

DMF 17.4 13.7 11.3

acetone 15.5 10.4 7.0

δd-the energy density from dispersion bonds between molecules;
δp-the energy from dipolar intermolecular force between molecules;
δh-the energy from hydrogen bonds between molecules.
If the HSP parameters are relatively close, i.e., a distance Ra (where ∆δ is a difference

between the corresponding parameters)

Ra =

√
4(∆δd)

2 +
(
∆δp

)2
+ (∆δh)

2 (1)

is relatively low, then two components are mutually solvable.
The so-called Teas diagram is presented in Figure 2. This diagram introduces per-

centual participation of all HSP parameters and provides a relatively good insight into the
mutual location of the copolymer and the individual solvents with DMF/acetone ratio 1/0
(pure DMF), 4/1, 2/1, 1/1, 1/2, and 0/1 (pure acetone).

Figure 2. The Teas diagram relating locations of PVDF-co-HFP, DMF and acetone (left) and its
magnification (right) also introduce the individual solvent mixtures.

The Teas diagram projects three HSP parameters onto a 2D chart, however the dis-
tances between the individual solvents and PVDF-co-HFP are more apparent with a graph-
ical presentation in the so-called Hansen space, see Figure 3. Here, we can observe an
increasing distance of the solvent mixture with an increasing content of acetone from
PVDF-co-HFP.
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Figure 3. The Hansen space with location of the individual solvents and PVDF-co-HFP.

In evaluating the polymeric materials, viscosity was measured as depicted in Figure 4.
Based on oscillatory measurements, the value of

.
γ = 0.12 s−1 was chosen within the

linear viscoelastic region. As expected, for fixed copolymer concentration cco [wt.%],
the viscosity decreases with increasing participation of acetone cac [wt.%] in the solvent
mixture. However, for higher values of cco we can see that no data are at disposal, due to
the fact that in this case mixture behaviour rapidly deteriorates and viscosity cannot be
determined, as well as no nanofibers being able to be electrospun (which is also confirmed
in the literature [30]).

Figure 4. Viscosity measurements for various copolymer concentrations and DMF/acetone ratios.

Relatively dense covering of concentrations and DMF/acetone ratios gives a possibility
to express the mutual dependence of viscosity η on copolymer concentration cco and
acetone concentration cac in the solvent mixture (0, 20, 33.3, 50, 66.6, and 100 wt.%)

η =
(

9.4 − 0.23 c0.78
ac

)
× 10log3cco (2)

or in a simpler form
log(η) = log3cco + log

(
9.4 − 0.23 c0,78

ac

)
(3)

Here we can see that the deviations of the experimental points from the prediction
are practically negligible, as seen in Figure 4. Further, the expression (3) is composed of
two separate terms: the first one, depending on the copolymer concentration only, and
the second one depending only on acetone participation in the mixture solvent. This
indicates how viscosity can be altered and thus, as viscosity significantly influences the
quality of the resulting nanofibrous mats, how to achieve the required nanofibers. It should
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be emphasized that the relation (3) is continuously valid for all combinations of cco and
cac, including the combinations not used in the experiments, and no additional fitting
parameters are required.

The relation (3) can be transformed to a master curve using the transformed viscosity ηtrans

ηtrans = η/
(

9.4 − 0.23 c0,78
ac

)
(4)

The master curve is of the form

[log(ηtrans)]
1/3 = log cco (5)

and as apparent from Figure 5, represents an axis of the first quadrant in the corresponding
coordinates. It should be again emphasized that no additional fitting parameter is required
and coincidence across all experimental data is very good.

Figure 5. Master curve of transformed viscosity.

Simultaneously with viscosity measurements, the process of electrospinning was
applied with the same range of the copolymer concentration and DMF/acetone ratios; for
illustration, see Figures 6 and 7.

Figure 6. Scanning electron micrographs (SEM) showing the morphology of individual nanofibers
for various copolymer concentrations and DMF/acetone ratio 4/1.



Polymers 2021, 13, 3418 8 of 12

Figure 7. Scanning electron micrographs (SEM) showing the morphology of individual nanofibers
for various copolymer concentrations and DMF/acetone ratio 1/1.

In these two examples, we can observe two phenomena: (1) suppression of bead
appearance with increasing participation of acetone as already introduced in the Introduc-
tion, (2) gradual passage to non-acceptable nanofibrous quality for higher values of cac as
confirmed in Figure 8.

Figure 8. Scanning electron micrographs (SEM) showing the morphology of individual nanofibers
for various copolymer concentrations and DMF/acetone ratio 1/2.

This indicates that the positive impact of acetone is lost for higher cac and higher
copolymer concentrations of cco.

Based on 40 combinations of cco (8) and cac (5), it was possible to approximate a course
of a mean nanofiber diameter dia [nm] in dependence on these two variables, see Figure 9.
The omitted points represent the situations when no nanofibrous mats could be electrospun
(higher cco and cac). The proposed relation is of the form

dia = 1.82 × (−5.2 + cco + 0.18 cac)
1.82 (6)
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Figure 9. A course of a mean nanofibers diameter and its evaluation.

As accuracy in determining a nanofiber diameter is not comparable with that of
viscosity, the mean deviation of experimentally determined (measured using SEM pictures
by means of Adobe Creative Suite software (San Jose, CA, USA)) mean diameters differs
from the predicted ones by 9.9%. However, as in the preceding case, this relation (6) can
be applied continuously across the whole range of copolymer concentrations and acetone
participation. Nevertheless, validity of this relation is limited by higher values of cco and
cac as discussed earlier.

Continuous validity of both relations for determining viscosity and nanofiber diameter
gives the possibility of optimizing the process of electrospinning in the sense that it is
possible to prepare tailor-made nanofibrous quality.

Remark: Experimental data sets are summarized in Supplementary Material.

4. Conclusions

A sufficiently broad range of selected PVDF-co-HFP concentrations and DMF/acetone
ratios makes it possible to derive the functional dependencies of the copolymer viscosity
and electrospun nanofiber diameters on the copolymer concentration and the DMF/acetone
ratio. With an increasing percentage of acetone, the quality of nanofibrous mats further
improves (reducing unwanted beads along the nanofibers). However, this positive phe-
nomenon is limited for higher polymer concentrations (at about 25 wt.% and more) when
high concentrations and high contents of acetone are combined (where the DMF/acetone
ratio is lower than approximately 1/2) this will prevent a copolymer solution from being
electrospun (due to the higher viscosity). If nanofibers of a specific mean diameter are
required, the obtained algebraic relations make it possible to choose a corresponding con-
centration and DMF/acetone ratio. Since a continuous series of such pairs is available, it is
possible to decide which one is optimal for an application (e.g., no bead formation). Such
an approach will eliminate the traditional trial-and-error method, saving time and cost.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13193418/s1, MS Excel file: Experimental Data Sets.xlsx.

Author Contributions: Conceptualization, P.F.; validation, P.F., J.Z. and P.P.; data curation, P.F.,
J.Z. and P.P.; writing—original draft preparation, P.F.; writing—review and editing, P.F.; project
administration, P.F.; funding acquisition, P.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Ministry of Education, Youth and Sports of the Czech
Republic (Project LTC 19034). This work was carried out in the frame of the COST Actions CA17107.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/polym13193418/s1
https://www.mdpi.com/article/10.3390/polym13193418/s1


Polymers 2021, 13, 3418 10 of 12

References
1. Cardoso, V.F.; Correia, D.M.; Ribeiro, C.; Fernandes, M.M.; Lanceros-Méndez, S. Fluorinated polymers as smart materials for

advanced biomedical applications. Polymers 2018, 10, 161. [CrossRef]
2. Sun, C.-Y.; Zhang, H. Investigation of Nafion series membranes on the performance of iron-chromium redox flow battery. Int. J.

Energy Res. 2019, 43, 8739–8752. [CrossRef]
3. Sun, C.; Negro, E.; Nale, A.; Pagot, G.; Vezzù, K.; Zawodzinski, T.A.; Meda, L.; Gambaro, C.; Di Noto, V. An efficient barrier toward

vanadium crossover in redox flow batteries: The bilayer [Nafion/(WO3)x] hybrid inorganic-organic membrane. Electrochim. Acta
2021, 378, 138133. [CrossRef]

4. Ahmed, F.E.; Lalia, B.S.; Hashaikeh, R. A review on electrospinning for membrane fabrication: Challenges and applications.
Desalination 2015, 356, 15–30. [CrossRef]

5. Eykens, L.; De Sitter, K.; Dotremont, C.; Pinoy, L.; van d. Bruggen, B. Membrane synthesis for membrane distillation: A review.
Sep. Purif. Technol. 2017, 182, 36–51. [CrossRef]

6. Lalia, B.S.; Guillen-Burrieza, E.; Arafat, H.A.; Hashaikeh, R. Fabrication and characterization of polyvinylidenefluoride-co-
hexafluoropropylene (PVDF-HFP) electrospun membranes for direct contact membrane distillation. J. Membr. Sci. 2013, 428,
104–115. [CrossRef]

7. Yang, Q.; Deng, N.P.; Chen, J.Y.; Cheng, B.W.; Kang, W.M. The recent research progress and prospect of gel polymer electrolytes
in lithium-sulfur batteries. Chem. Eng. J. 2021, 413, 127427. [CrossRef]

8. Lee, C.-G.; Javed, H.; Zhang, D.; Kim, J.-H.; Westerhoff, P.; Li, Q.; Alvarez, P.J.J. Porous electrospun fibers embedding TiO2 for
adsorption and photocatalytic degradation of water pollutants. Environ. Sci. Technol. 2018, 52, 4285–4293. [CrossRef] [PubMed]

9. Erusappan, E.; Thiripuranthagan, S.; Radhakrishnan, R.; Durai, M.; Kumaravel, S.; Vembuli, T.; Kaleekkal, N.J. Fabrication of
mesoporous TiO2/PVDF photocatalytic membranes for efficient photocatalytic degradation of synthetic dyes. J. Environ. Chem.
Eng. 2021, 9, 105776. [CrossRef]

10. Wan, C.; Bowen, C.R. Multiscale-structuring of polyvinylidene fluoride for energy harvesting: The impact of molecular-, micro-
and macro-structure. J. Mater. Chem. A 2017, 5, 3091–3128. [CrossRef]

11. Marshall, J.E.; Zhenova, A.; Roberts, S.; Petchey, T.; Zhu, P.; Dancer, C.E.J.; McElroy, C.R.; Kendrick, E.; Goodship, V. On the
solubility and stability of polyvinylidene fluoride. Polymers 2021, 13, 1354. [CrossRef]

12. Yee, W.A.; Kotaki, M.; Liu, Y.; Lu, X. Morphology, polymorphism behavior and molecular orientation of electrospun
poly(vinylidene fluoride) fibers. Polymer 2007, 48, 512–521. [CrossRef]

13. Zheng, J.; He, A.; Li, J.; Han, C.C. Polymorphism control of poly(vinylidene fluoride) through electrospinning. Macromol. Rap.
Commun. 2007, 28, 2159–2162. [CrossRef]

14. María, N.; Maiz, J.; Martínez-Tong, D.; Alegria, A.; Algarni, F.; Zapzas, G.; Hadjichristidis, N.; Müller, A. Phase Transitions in
Poly(vinylidene fluoride)/Polymethylene-Based Diblock Copolymers and Blends. Polymers 2021, 13, 2442. [CrossRef]

15. Martins, P.; Lopes, A.C.; Lanceros-Mendez, S. Electroactive phases of poly(vinylidene fluoride):Determination, processing and
applications. Progr. Polym. Sci. 2014, 39, 683–706. [CrossRef]

16. Nishiyama, T.; Sumihara, T.; Sasaki, Y.; Sato, E.; Yamato, M.; Horibe, H. Crystalline structure control of poly(vinylidene fluoride)
films with the antisolvent addition method. Polym. J. 2016, 48, 1035–1038. [CrossRef]

17. Reneker, D.H.; Yarin, A.L. Electrospinning jets and polymer nanofibers. Polymer 2008, 49, 2387–2425. [CrossRef]
18. Bhardwaj, N.; Kundu, S.C. Electrospinning: A fascinating fiber fabrication technique. Biotechnol. Adv. 2010, 28, 325–347.

[CrossRef] [PubMed]
19. Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev.

2019, 119, 5298–5415. [CrossRef] [PubMed]
20. Guastaferro, M.; Baldino, L.; Cardea, S.; Reverchon, E. Supercritical assisted electrospray/spinning to produce PVP+quercetin

microparticles and microfibers. J. Taiwan Inst. Chem. Eng. 2020, 117, 278–286. [CrossRef]
21. Davis, G.T.; McKinney, J.E.; Broadhurst, M.G.; Roth, S.C. Electric-field-induced phase changes in poly(vinylidene fluoride). J.

Appl. Phys. 1978, 49, 4998–5002. [CrossRef]
22. Lando, J.B.; Olf, H.G.; Peterlin, A. Nuclear magnetic resonance and x-ray determination of the structure of poly(vinylidene

fluoride). J. Polym. Sci. Part A-1 Polym. Chem. 1966, 4, 941–951. [CrossRef]
23. Salimi, A.; Yousefi, A.A. FTIR studies of beta-phase crystal formation in stretched PVDF films. Polym. Test 2003, 22, 699–704.

[CrossRef]
24. Sencadas, V.; Gregorio, R.J.; Lanceros-Méndez, S. Alpha to beta phase transformation and micro-structural changes of PVDF films

induced by uniaxial stretch. J. Macromol. Sci. Part B Physics 2009, 48, 514–525. [CrossRef]
25. Ribeiro, C.; Sencadas, V.; Ribelles, J.L.G.; Lanceros-Méndez, S. Influence of Processing Conditions on Polymorphism and Nanofiber

Morphology of Electroactive Poly(vinylidene fluoride) Electrospun Membranes. Soft Mater. 2010, 8, 274–287. [CrossRef]
26. Abolhasani, M.M.; Azimi, S.; Fashandi, H. Enhanced ferroelectric properties of electrospun poly(vinylidene fluoride) nanofibers

by adjusting processing parameters. RSC Adv. 2015, 5, 61277–61283. [CrossRef]
27. Bottino, A.; Capannelli, G.; Munari, S.; Turturro, A. Solubility parameters of poly(vinylidene fluoride). J. Polym. Sci. Part B: Polym.

Phys. 1988, 26, 785–794. [CrossRef]
28. Hansen, C.M. Hansen Solubility Parameters, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2007.

http://doi.org/10.3390/polym10020161
http://doi.org/10.1002/er.4875
http://doi.org/10.1016/j.electacta.2021.138133
http://doi.org/10.1016/j.desal.2014.09.033
http://doi.org/10.1016/j.seppur.2017.03.035
http://doi.org/10.1016/j.memsci.2012.10.061
http://doi.org/10.1016/j.cej.2020.127427
http://doi.org/10.1021/acs.est.7b06508
http://www.ncbi.nlm.nih.gov/pubmed/29553243
http://doi.org/10.1016/j.jece.2021.105776
http://doi.org/10.1039/C6TA09590A
http://doi.org/10.3390/polym13091354
http://doi.org/10.1016/j.polymer.2006.11.036
http://doi.org/10.1002/marc.200700544
http://doi.org/10.3390/polym13152442
http://doi.org/10.1016/j.progpolymsci.2013.07.006
http://doi.org/10.1038/pj.2016.62
http://doi.org/10.1016/j.polymer.2008.02.002
http://doi.org/10.1016/j.biotechadv.2010.01.004
http://www.ncbi.nlm.nih.gov/pubmed/20100560
http://doi.org/10.1021/acs.chemrev.8b00593
http://www.ncbi.nlm.nih.gov/pubmed/30916938
http://doi.org/10.1016/j.jtice.2020.12.017
http://doi.org/10.1063/1.324446
http://doi.org/10.1002/pol.1966.150040420
http://doi.org/10.1016/S0142-9418(03)00003-5
http://doi.org/10.1080/00222340902837527
http://doi.org/10.1080/1539445X.2010.495630
http://doi.org/10.1039/C5RA11441A
http://doi.org/10.1002/polb.1988.090260405


Polymers 2021, 13, 3418 11 of 12

29. Gee, S.; Johnson, B.; Smith, A. Optimizing electrospinning parameters for piezoelectric PVDF nanofiber membranes. J. Membr. Sci.
2018, 563, 804–812. [CrossRef]

30. Zhao, Z.Z.; Li, J.Q.; Yuan, X.Y.; Li, X.; Zhang, Y.Y.; Sheng, J. Preparation and properties of electrospun poly(vinylidene fluoride)
membranes. J. Appl. Polym. Sci. 2005, 97, 466–474. [CrossRef]

31. Baqeri, M.; Abolhasani, M.M.; Mozdianfard, M.R.; Guo, Q.P.; Oroumei, A.; Naebe, M. Influence of processing conditions on
polymorphic behavior, crystallinity, and morphology of electrospun poly(vinylidene fluoride) nanofibers. J. Appl. Polym. Sci.
2015, 132, 42304. [CrossRef]

32. Chen, H.-C.; Tsai, C.-H.; Yang, M.-C. Mechanical properties and biocompatibility of electrospun polylactide/poly(vinylidene
fluoride) mats. J. Polym. Res. 2011, 18, 319–327. [CrossRef]

33. Al Halabi, F.; Gryshkov, O.; Kuhn, I.A.; Kapralova, V.; Glasmacher, B. Force induced piezoelectric effect of polyvinylidene fluoride
and polyvinylidene fluoride-co-trifluoroethylene nanofibrous scaffolds. Int. J. Artif. Organs 2018, 41, 811–822. [CrossRef]

34. Orkwis, J.A.; Wolf, A.K.; Shahid, S.M.; Smith, C.; Esfandiari, L.; Harris, G.M. Development of a Piezoelectric PVDF-TrFE Fibrous
Scaffold to Guide Cell Adhesion, Proliferation, and Alignment. Macromol. Biosci. 2020, 20, 2000197. [CrossRef]

35. He, F.; Fan, J.; Chan, L.H. Preparation and characterization of electrospun poly(vinylidene fluoride)/poly(methyl methacrylate)
membrane. High Perform. Polym. 2014, 26, 817–825. [CrossRef]

36. Nuamcharoen, P.; Kobayashi, T.; Potiyaraj, P. Influence of volatile solvents and mixing ratios of binary solvent systems on
morphology and performance of electrospun poly(vinylidene fluoride) nanofibers. Polym. Int. 2021, 70, 1465–1477. [CrossRef]

37. Uyar, T.; Besenbacher, F. Electrospinning of uniform polystyrene fibers: The effect of solvent conductivity. Polymer 2008, 49,
5336–5343. [CrossRef]

38. Zhou, Y.; Yao, L.; Gao, Q. Preparation of PVDF nanofibrous membrane and its waterproof and breathable property. Adv. Mater.
Res. 2013, 796, 327–330. [CrossRef]

39. Hwang, Y.J.; Choi, S.; Kim, H.S. Structural deformation of PVDF nanoweb due to electrospinning behavior affected by solvent
ratio. e-Polymers 2018, 18, 339–345. [CrossRef]

40. Choi, S.W.; Jo, S.M.; Lee, W.S.; Kim, Y.R. An electrospun poly(vinylidene fluoride) nanofibrous membrane and its battery
applications. Adv. Mater. 2003, 15, 2027–2032. [CrossRef]

41. Voet, V.S.D.; Brinke, G.T.; Loos, K. Well-defined copolymers based on poly(vinylidene fluoride): From preparation and phase
separation to application. J. Polym. Sci. Part A Polym. Chem. 2014, 52, 2861–2877. [CrossRef]

42. Dognani, G.; Cabrera, F.C.; Job, A.E.; Agostini, D.L.D.S. Morphology of Electrospun Non-Woven Membranes of Poly(vinylidene
fluoride-co-hexafluoropropylene): Porous and Fibers. Fibers Polym. 2019, 20, 512–519. [CrossRef]

43. Noor, M.M.; Buraidah, M.H.; Careem, M.A.; Majid, S.R.; Arof, A.K.F. An optimized poly(vinylidene fluoride-hexafluoropropylene)–
NaI gel polymer electrolyte and its application in natural dye sensitized solar cells. Electrochim. Acta 2014, 121, 159–167.
[CrossRef]

44. Neese, B.; Wang, Y.; Chu, B.; Ren, K.; Liu, S.; Zhang, Q.M.; Huang, C.; West, J. Piezoelectric responses in poly(vinylidene
fluoride/hexafluoropropylene) copolymers. Appl. Phys. Lett. 2007, 90, 242917. [CrossRef]

45. Cui, Z.; Drioli, E.; Lee, Y.M. Recent progress in fluoropolymers for membranes. Prog. Polym. Sci. 2014, 39, 164–198. [CrossRef]
46. García-Fernández, L.; García-Payo, M.C.; Khayet, M. Mechanism of formation of hollow fiber membranes for membrane

distillation: 1. Inner coagulation power effect on morphological characteristics. J. Membr. Sci. 2017, 542, 456–468. [CrossRef]
47. Kim, I.; Kim, B.S.; Nam, S.; Lee, H.-J.; Chung, H.K.; Cho, S.M.; Luu, T.H.T.; Hyun, S.; Kang, C. Cross-linked poly(vinylidene

fluoride-cohexafluoropropene) (PVDF-co-HFP) gel polymer electrolyte for flexible Li-ion battery integrated with organic light
emitting diode (OLED). Materials 2018, 11, 543. [CrossRef] [PubMed]

48. Lee, H.; Alcoutlabi, M.; Watson, J.V.; Zhang, X. Electrospun nanofiber-coated separator membranes for Lithium-ion rechargeable
batteries. J. Appl. Polym. Sci. 2013, 129, 1939–1951. [CrossRef]

49. Singh, R.; Janakiraman, S.; Agrawal, A.; Ghosh, S.; Venimadhav, A.; Biswas, K. An amorphous poly(vinylidene fluoride-
co-hexafluoropropylene) based gel polymer electrolyte for magnesium ion battery. J. Electroanal. Chem. 2020, 858, 113788.
[CrossRef]

50. Lee, D.; Woo, Y.C.; Park, K.H.; Phuntsho, S.; Tijing, L.D.; Yao, M.; Shim, W.-G.; Shon, H.K. Polyvinylidene fluoride phase design
by two-dimensional boron nitride enables enhanced performance and stability for seawater desalination. J. Membr. Sci. 2019,
598, 117669. [CrossRef]

51. Su, C.-I.; Shih, J.-H.; Huang, M.-S.; Wang, C.-M.; Shih, W.-C.; Liu, Y.-S. A study of hydrophobic electrospun membrane applied in
seawater desalination by membrane distillation. Fibers Polym. 2012, 13, 698–702. [CrossRef]

52. Tijing, L.D.; Woo, Y.C.; Johir, M.A.H.; Choi, J.-S.; Shon, H.K. A novel dual-layer bicomponent electrospun nanofibrous membrane
for desalination by direct contact membrane distillation. Chem. Eng. J. 2014, 256, 155–159. [CrossRef]

53. Tas, M.; Memon, H.; Xu, F.; Ahmed, I.; Hou, X. Electrospun nanofibre membrane based transparent slippery liquid-infused
porous surfaces with icephobic properties. Coll. Surf. A 2020, 585, 124177. [CrossRef]

54. Shahabadi, S.M.S.; Rabiee, H.; Seyedi, S.M.; Mokhtare, A.; Brant, J.A. Superhydrophobic dual layer functionalized titanium
dioxide/polyvinylidene fluoride-co-hexafluoropropylene (TiO2/PH) nanofibrous membrane for high flux membrane distillation.
J. Membr. Sci. 2017, 537, 140–150. [CrossRef]

55. Zhao, L.; Wu, C.; Lu, X.; Ng, D.; Truong, Y.B.; Xie, Z. Activated carbon enhanced hydrophobic/hydrophilic dual-layer nanofiber
composite membranes for high-performance direct contact membrane distillation. Desalination 2018, 446, 59–69. [CrossRef]

http://doi.org/10.1016/j.memsci.2018.06.050
http://doi.org/10.1002/app.21762
http://doi.org/10.1002/app.42304
http://doi.org/10.1007/s10965-010-9421-5
http://doi.org/10.1177/0391398818785049
http://doi.org/10.1002/mabi.202000197
http://doi.org/10.1177/0954008314531030
http://doi.org/10.1002/pi.6218
http://doi.org/10.1016/j.polymer.2008.09.025
http://doi.org/10.4028/www.scientific.net/AMR.796.327
http://doi.org/10.1515/epoly-2018-0037
http://doi.org/10.1002/adma.200304617
http://doi.org/10.1002/pola.27340
http://doi.org/10.1007/s12221-019-8924-x
http://doi.org/10.1016/j.electacta.2013.12.136
http://doi.org/10.1063/1.2748076
http://doi.org/10.1016/j.progpolymsci.2013.07.008
http://doi.org/10.1016/j.memsci.2017.03.036
http://doi.org/10.3390/ma11040543
http://www.ncbi.nlm.nih.gov/pubmed/29614800
http://doi.org/10.1002/app.38894
http://doi.org/10.1016/j.jelechem.2019.113788
http://doi.org/10.1016/j.memsci.2019.117669
http://doi.org/10.1007/s12221-012-0698-3
http://doi.org/10.1016/j.cej.2014.06.076
http://doi.org/10.1016/j.colsurfa.2019.124177
http://doi.org/10.1016/j.memsci.2017.05.039
http://doi.org/10.1016/j.desal.2018.09.002


Polymers 2021, 13, 3418 12 of 12

56. CAMPUS Datasheet Kynar Flex®2801-00. Available online: https://www.campusplastics.com/campus/en/datasheet/Kynar+
Flex%C2%AE+2801-00/ARKEMA/179/5d7bdb8c (accessed on 4 October 2021).

57. Peer, P.; Stenicka, M.; Pavlinek, V.; Filip, P. The storage stability of polyvinylbutyral solutions from an electrospinnability
standpoint. Polym. Degr. Stab. 2014, 105, 134–139. [CrossRef]

58. Meringolo, C.; Poerio, T.; Fontananova, E.; Mastropietro, T.F.; Nicoletta, F.P.; de Filpo, G.; Curcio, E.; di Profio, G. Exploiting fluo-
ropolymers immiscibility to tune surface properties and mass transfer in blend membranes for membrane contactor applications.
ACS Appl. Polym. Mater. 2019, 1, 326–334. [CrossRef]

https://www.campusplastics.com/campus/en/datasheet/Kynar+Flex%C2%AE+2801-00/ARKEMA/179/5d7bdb8c
https://www.campusplastics.com/campus/en/datasheet/Kynar+Flex%C2%AE+2801-00/ARKEMA/179/5d7bdb8c
http://doi.org/10.1016/j.polymdegradstab.2014.04.015
http://doi.org/10.1021/acsapm.8b00105

	Introduction 
	Materials and Methods 
	Material 
	Preparation of Electrospinning Solution 
	Process of Electrospinning 
	Rheological Measurements 
	Characterization of Nanofibrous Mats 

	Results and Discussion 
	Conclusions 
	References

