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Abstract
In this study, the effect of the addition of conductive materials on the solution prop-
erties, electrospinning behavior, and electrospun web structure of polyvinylidene flu-
oride (PVDF) was investigated. A PVDF/single-walled carbon nanotube (SWCNT) 
composite was prepared by adding various amounts of SWCNT to a PVDF solution, 
and a PVDF/SWCNT web was produced by electrospinning. To fabricate a poly-
mer solution complex with a conductive material, it is important to understand the 
change in electrospinning behavior according to the properties of the solution. The 
properties of the composite solution were analyzed with respect to the SWCNT ratio 
in the solution, and the real-time effects on electrospinning behavior were compared 
and analyzed. The electrospinning behavior considerably differed depending on the 
properties of the solution. In this study, SWCNT was added in the range of 0–0.02%, 
and as the SWCNT content increased, the collection area decreased by 25%, the 
fiber diameter increased from 1.69 ± 0.88 to 1.83 ± 1.22  μm, and the PVDF fiber 
β-phase content reduced by approximately 6%. The PVFD/SWCN spinning behavior 
difference analysis and structure formation change according to the SWCNT ratio 
are useful for controlling the diameter, collection area, and crystallinity in the fiber 
process of PVDF. They are also expected to be useful for controlling the electrospin-
ning behavior and fiber formation of various polymer materials based on the addi-
tion of conductive materials.
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Introduction

Polyvinylidene fluoride (PVDF) is a polymer with excellent chemical and heat resist-
ance, durability, and flexibility [1–3]. PVDF has a variety of crystal structures compris-
ing α, β, and γ phases and has been applied in many applications, such as sensors, fil-
ters, and secondary battery separators [4–12]. In particular, it is a polymer piezoelectric 
material that has been used as a substitute for ceramic piezoelectric materials and has 
attracted considerable attention as a wearable material because of its high flexibility 
[13–15]. Material compositions such as polymer–nanoparticle composites are open-
ing new possibilities in various fields. [16]. Nanomaterials play a crucial role in the 
manufacture of polymer nanocomposites owing to their unique physical and chemical 
properties, which change according to their characteristics, size, and content. Poly-
mer nanocomposites have gained theoretical and practical interests, and offer practical 
applications because of their appealing properties, such as high durability, processabil-
ity, and functionality, not only in the product but also in the process [17–20]. Meth-
ods for producing polymer fibers include phase separation, freeze-drying, interfacial 
polymerization, and electrospinning. Among them, electrospinning is used in various 
fields owing to its ease of use and because it allows for easy nanofiberization of vari-
ous polymers [21]. To use PVDF in piezoelectric devices, the formation of a β-phase 
crystal structure is essential. The β-phase crystal structure of PVDF is easily induced 
by elongating the fiber and applying an electric field during electrospinning [22–24]. 
Many studies have, therefore, been conducted on the effects of various additives on the 
efficiency of PVDF in the fabrication of piezoelectric sensors and generators [25–27]. 
Electrospinning is a convenient method for fabricating nanofiber membranes or webs 
containing organic and inorganic components using polymer melts or solutions [28, 
29]. It is based on the principle that a strong electric field and strong repulsive forces 
between polymer drops that have been electrically charged using a high-voltage power 
source will result in the generation of fibers. Despite the simplicity of this principle, 
its detailed mechanism is complex. Therefore, it is necessary to understand the factors 
affecting electrospinning so that a stable electrospinning setup can be established and 
fiber formation can be controlled [30, 31]. In this study, solution properties, including 
surface tension, viscosity, and solution conductivity, of composite solutions containing 
single-walled carbon nanotubes (SWCNT), an agent that can improve the piezoelec-
tric performance of PVDF, were investigated. The effects of these properties on the 
electrospinning behavior resulting from the addition of different amounts of SCWNT 
to a PVDF solution were analyzed and compared. In addition, by analyzing the real-
time dynamic behavior during the electrospinning process, changes in the drop and 
jet behavior with the solution properties and their effects on the formed fiber and web 
structures were elucidated.
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Experimental

Materials

PVDF powder (Mw = 534,000; Sigma-Aldrich Inc., USA) and SWCNT (US 
Research Nanomaterials, Inc.) were added to a solvent mixture of N,N-dimeth-
ylformamide (DMF, Junsei Chemical Co. Ltd., Japan) and acetone (Duksan Pure 
Chemicals Co. Ltd., Republic of Korea). After preparing a 14 wt% PVDF solu-
tion and dispersions of 0, 0.01, 0.02, 0.03, and 0.04 wt% SWCNT with the same 
weight, each prepared solution and dispersion was mixed with additional PVDF 
powder to obtain 15 wt% PVDF solutions with 0, 0.005, 0.01, 0.015, and 0.02 
wt% SWCNT.

Fabrication of PVDF/SWCNT webs

The PVDF/SWCNT webs were fabricated via electrospinning. The PVDF/SWCNT 
solution was fed through a 21 G metal nozzle (inner diameter = 0.495 mm) at 20 kPa 
using an air compressor to maintain a constant feeding rate. The solution and nozzle 
were applied at a high voltage of 9.5 kV. The tip-to-collector distance (TCD) was 
15 cm. The resulting PVDF/SWCNT web was collected for 300 s at room tempera-
ture (20 °C) and a relative humidity of 50% and subsequently dried for 24 h.

Characterization

To analyze the properties of the solutions, the surface tension, shear viscosity, and 
conductivity of each PVDF/SWCNT solution were measured. These measurements 
were performed using a surface tension meter (SEO-DST30M, SEO Ltd, Suwon, 
Korea), viscometer (DV-II + Pro, AMETEK Brookfield Inc., MA, USA), and con-
ductivity meter (HI 8633, HANNA Instruments Inc., Rhode Island, USA). Images 
of the drop ejected from the nozzle tip and the jet from the drop to the collector 
were captured using a charge-coupled device (CCD) camera (SCC-B2315, Samsung 
Electronics Co., Suwon, Republic of Korea) over the entire duration of the electro-
spinning process (Fig. 1). The original drop and jet images were processed as binary 
images (black and white, respectively) using an optimal threshold and intensity. The 
changes in the drop and jet areas with spinning time were analyzed using a self-pro-
grammed image analysis tool. The current between the nozzle tip and collector dur-
ing electrospinning was measured using a precision multimeter (8846A, Fluke Co., 
Everett, WA, USA). Images of the fabricated PVDF/SWCNT webs were captured 
using a scanner (PIXMA E510, Canon Inc., Tokyo, Japan) and converted to binary 
contour images to analyze the distribution of the deposited webs. The morphologies 
of the PVDF/SWCNT webs were observed using field-emission scanning electron 
microscopy (FE-SEM; SUPRA25, Carl Zeiss Co. Ltd., Oberkochen, Germany). The 
β- and α-phase compositions of PVDF were measured and analyzed using a Fourier 
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transform infrared (FT-IR) spectrophotometer (IRAffinity-1, Shimadzu Co. Ltd., 
Kyoto, Japan).

Results and discussion

Solution properties, including the surface tension, viscosity, and conductivity, signif-
icantly influence the spinning dynamic behavior during the electrospinning process. 
Figure 2 shows the surface tension, viscosity, and conductivity of solutions contain-
ing different ratios of SWCNT. The numerical values of all three solution properties 

Fig. 1   Schematic of electrospinning setup and image of drop and jet captured by the CCD camera during 
electrospinning

Fig. 2   Characteristics of PVDF/SWCNT solutions: a shear viscosity, b surface tension, and c solution 
conductivity
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tended to increase with the SWCNT content. Figure  2a shows that the addition 
of SWCNT led to an increase in shear viscosity. This increase is attributed to the 
PVDF acting as a phase stabilizer for the stable dispersion of SWCNT in the solu-
tion through its interaction with SWCNT, which increased the entanglement of the 
polymer. Although the solution contains a small amount of SWCNT, even if PVDF 
is present as a phase stabilizer, it is thought that the strong cohesive force between 
the SWCNTs increases the shear viscosity of the solution. Similarly, the increase in 
surface tension due to the addition of SWCNT, as shown in Fig. 2b, is attributed to 
the increased interaction between the PVDF polymer chain and SWCNT. The con-
ductivity increase shown in Fig. 2c is attributed to an increase in the charge mobility 
of the solution with the addition of SWCNT, which is a conductive material.

In the first step of the electrospinning process, the instability of the droplets 
attached to the nozzle tip was investigated. The change in the drop area, which rep-
resents the number of droplets, was determined by both the jet velocity induced by 
the applied voltage and the surface tension and velocity of the solution ejected from 
the nozzle. As shown in Fig. 3, a more significant fluctuation occurred in the drop 
area change when SWCNT was not added than when SWCNT was added, and the 
drop area decreased as the SWCNT content increased. These results are attributed 
to the decrease in the amount of solution ejected from the nozzle at a fixed feeding 
rate and applied voltage, owing to the increase in shear viscosity and surface tension 
with increasing SWCNT content, as shown in Fig. 2. In addition, it is considered 
that the charge repulsion force weakened owing to the increase in solution conduc-
tivity, which also contributes significantly during electrospinning.

The electrospinning jet area represents the amount of solution ejected from a 
drop. In addition, the dynamic behavior of the jet is an important electrospin-
ning factor that affects fiber and web formation. Figure 4 shows the results of an 
analysis of the real-time jet behavior images, jet area change, and current between 
the nozzle and collector according to the SWCNT content. As shown in Fig. 4a, 

Fig. 3   a Change in drop area over 300 s of the electrospinning process. b CCD images of the drop area at 
various concentrations of SWCNT
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b, the jet area tends to decrease as the SWCNT content increases. This increase 
can be attributed to the following two factors: First, the increase in the surface 
tension and shear viscosity of the solution and ejected droplets with the SWCNT 
content, as shown in Fig. 3, led to a decrease in the amount of jet ejected from the 
droplets owing to the applied voltage; secondly, by analyzing the change in cur-
rent during the electrospinning process shown in Fig. 4c, it can be seen that the 
change became more unstable with the addition of more SWCNT, and the overall 
current increased. As the SWCNT content increased, the amount of current flow-
ing through the jet increased during electrospinning of the solution droplets elec-
trically charged by the applied voltage. The reduction in the overall area of the jet 
was attributed to the reduction in the charge repulsion as the current increased.

A contour analysis was performed on the PVDF/SWCNT webs fabricated via 
electrospinning, as shown in Fig. 5. The binary image-scale light intensities of the 
web images were analyzed by filtering the intensities from 40 to 255 in 22 steps to 
evaluate the distribution of the formed fibers. In Fig. 5b, the filtered area with an 
intensity of 50 is the largest in the web without SWCNT and smallest in the web 
with the highest SWCNT content of 0.02 wt%. These results are corroborated by 

Fig. 4   a CCD images of jet areas with various SWCNT concentrations. b Change in jet area during the 
electrospinning process over 300  s. c Change in current during the electrospinning process at various 
solution concentrations
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the actual images shown in Fig. 5a and are attributed to the reduced jet area and 
bending radius at higher SWCNT content, as shown in Fig. 4. The web with 0.02 
wt% SWCNT exhibited no area in which the intensity reached or exceeded 200. 
The higher the SWCNT content, the lower the deposition area of the web. This is 
because the fibers were more densely formed at higher SWCNT contents owing to 
the reduced jet area and radius, and the addition of SWCNT resulted in a darker 
color in the web, leading to the absence of areas with high intensities.

Figure  6a shows the morphology of the PVDF/SWCNT webs fabricated via 
electrospinning with different SWCNT contents. All the webs were formed in a 
stable fibrous form without beads. Figure 6b shows the fiber diameter distribution 
of the webs fabricated by electrospinning. The average diameters of the webs with 
SWCNT contents from 0 to 0.02  wt% were 1.69 ± 0.88, 1.73 ± 0.89, 1.78 ± 1.10, 
1.8 ± 1.23, and 1.83 ± 1.22 μm, respectively. As the SWCNT content increased, the 
average fiber diameter increased. This decrease led to an increase in the surface ten-
sion and shear viscosity, and an increase in the amount of current in the jet dur-
ing the electrospinning process. This decrease was followed by an increase in the 
surface tension and shear viscosity, and an increase in the amount of amperage of 
the jet during the electrospinning process. In electrospinning, the increasing surface 
tension and shear viscosity of the solution resist the charge repulsion force in the 
drop and jet due to the applied high voltage. Accordingly, in the fiber drawing stage 
of jet whipping during the spinning process, the relatively high surface tension and 
increased shear viscosity prevented the fiber from drawing, and the average diameter 

Fig. 5   a Threshold processing images of PVDF/SWCNT web deposition and actual images and b cor-
responding contour analysis of webs

Fig. 6    a FE-SEM images of PVDF/SWCNT webs fabricated by electrospinning. b Fiber diameter distri-
butions
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increased. This was also indicated by the reduced area and bending radius of the jet 
in the behavior analysis. In addition, because of the increase in solution conductiv-
ity due to the addition of SWCNTs, the charges flow to the ground relatively easily 
owing to the high voltage. As a result, the repulsive force is relatively weak owing to 
the lower charge density of the drop, and jet acts as a stretching force.

Fourier transform infrared spectroscopy (FT-IR) was performed to determine the 
crystallinity of the fabricated PVDF/SWCNT webs. Representative α-phase peaks 
appeared in the FT-IR spectra at 612 and 763  cm−1 (skeletal bending and CF2 
bending), 795  cm−1 (CH2 rocking), and 975  cm−1 (CH2 twisting). Representative 
β-phase peaks appeared at 510 and 840 cm−1 (CH2 rocking) and 1280 cm−1 (CF2 
stretching). Among these peaks, the F(β) values of the representative 763  cm−1 α 
peak and 840 cm−1 representative β peak were calculated using [32, 33]:

As the SWCNT content increased, the size of the β-phase peaks and the F(β) value 
of the fabricated PVDF/SWCNT decreased, and the standard deviation of the 
β-phase peaks of the samples increased over repeated experiments, as shown in 
Fig. 7. These results are attributed to the lowered charge repulsion force and some 
interference due to the presence of SWCNT for the conversion of PVDF from the α 
to β phases during electrospinning. In addition, the increase in the standard devia-
tion of the peak according to the repeated experiment in Fig. 7c is due to the elec-
trospinning behavior becoming unstable because the current fluctuated significantly 
as the SWCNT content increased. Accordingly, as the SWCNT content increased, 
the peak standard deviation of the prepared web increased because of the unstable 
electrospinning behavior.

Conclusion

The effects of changes in the solution properties, spinning behaviors, and 
web structure at different SWCNT contents on the fabrication of PVDF/
SWCNT webs through electrospinning were confirmed. The shear viscosity, 

(1)F(β) =
Aβ

(

Kβ∕Kα

)

Aα + Aβ

.

Fig. 7   a FT-IR spectra of PVDF/SWCNT webs. b FT-IR peak. c β-phase content
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electrical conductivity, and surface tension increased with the SWCNT con-
tent. The increased shear viscosity and electrical conductivity at higher SWCNT 
content led to a decrease in the area and angle of the jet, as identified by ana-
lyzing the images captured using a CCD camera. The decrease in the jet angle 
caused a decrease in the elongation of the fibers formed during electrospinning 
and an increase in the fiber diameter, as confirmed through structural analysis. 
In addition, FT-IR analysis results confirmed the effects of SWCNT addition on 
nanoweb crystal formation. The β phase decreased with the addition of SWCNT, 
which hindered crystal formation during electrospinning. Changes in the solution 
properties have a significant effect on the electrospinning behavior and structural 
changes of the resulting fibers. As the spinning behavior changed with increasing 
SWCNT content, the fiber diameter increased, and the PVDF beta phase content 
and collection area tended to decrease. These results are expected to be useful for 
controlling the diameter, collection area, and various properties of the electro-
spinning process of composite materials of various polymers, conductive materi-
als, and PVDF. In addition, electrospinning is generally referred to as a method 
for fabricating fibers or nonwoven materials, and research on electrospinning has 
tended to focus on changing the performance of the fabricated application. This 
study, unlike these, did not focus on the applications fabricated by electrospin-
ning; rather, it focused on intensive analysis of electrospinning behavior to inves-
tigate the effect on the properties of fabricated fibers and nonwovens. Based on 
this, we believe that further analysis and research can be conducted by investi-
gating the effect of electrospinning behavior when manufacturing and evaluating 
applications.
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