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Abstract

Among various types of energy storage, the supercapacitor is regarded as the most promising device due to its long cycling
life, good cycling stability, and high power density. A supercapacitor is generally composed of electrodes, electrolytes, and a
separator. The separator is one of the most important components, serving to prevent internal short circuits between the
anode and the cathode. Herein, a nanostructured-based separator in a PAN/PVDF nanofiber scheme is introduced for
improving the electrochemical performance of the supercapacitor. Briefly, the membranes were produced via the
electrospinning technique. All of the raw materials were blended in various compositions of PVDF for optimization purposes.
Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) were carried out to identify the
microstructure of the nanofibers. The electrochemical properties of the membrane were measured using galvanostatic
charge-discharge (GCD). Based on GCD, it was shown that the PAN/PVDF 20 wt% membrane exhibited the optimum
gravimetric capacitance at 54.104 Fg! as evidenced by a high porosity percentage. Thus, the PAN/PVDF nanofiber has good
potential as a separator for application in supercapacitors.
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Introduction

In this modern era, the demand for electrical energy is increasing rapidly to support human life. The increasing
consumption of fossil fuels and environmental problems in the current era are triggering exploration of
sustainable energy sources and more effective energy storage techniques [1]. The development of energy
storage in the world of battery-based research is very rapid, and the existence of batteries is very important in
system planning and operations in everyday life. However, their use in a sustainable manner harms the earth,
because the materials used in batteries so far are still based on lithium-ion, which is considered environmentally
unfriendly.

A renewable energy storage device that is currently attracting great attention is the supercapacitor.
Supercapacitors are a very attractive alternative storage system with almost the same properties as
conventional capacitors, which can act as batteries [2]. The capacitance of supercapacitors is higher than that of
conventional capacitors, while their life cycle is longer than that of batteries [3]. Other advantages of
supercapacitors include high power density, fast charge-discharge rate [4], large density, environmental
friendliness, and large storage capacity [5].

One of the important components of a supercapacitor is the separator, which is inserted between two electrodes
to prevent direct electron transfer, avoid short circuits, and regulate the rate and amount of ion mobility [5,6].
Nanostructured separators potentially increase capacitance in supercapacitor systems due to their high specific
surface area and fast electron mobility. Several researchers have revealed that the separator can be used as a
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determinant of supercapacitor performance [7,8]. One of the factors that affect the performance of the
separator is related to the thickness of the membrane (or a thin flexible structure in general) [9], and its porosity,
which can affect the length of time the ions pass through it during the charge-discharge state, while an optimal
thickness can improve the electrochemical performance of supercapacitors [10]. However, the separator only
acts as a membrane and a liquid electrolyte solution is still employed as an intermediary for electron mobility in
the supercapacitor. Since the utilization of liquid electrolytes allows leakage and corrosion, also unstable in
supercapacitors, so its optimization is required to avoid the risk [11,12].

Nowadays, membranes play an important role in the development of technology, including membrane
bioreactors for processing wastewater treatment [13], membrane oxygenators for extracorporeal blood
oxygenation [14], and chemical precipitation-ultrafiltration for waste brine regeneration [15]. One of the most
widely used techniques for producing membranes is electrospinning. Electrospinning is a unique spinning
technique that applies electrostatic forces to produce a fine membrane from a polymer solution [16]. This
technique is one way to produce very long one-dimensional nanofiber structure separators with a simple
procedure [17,18]. Membranes produced from this method are very light and have flexible properties with a
high surface area and porosity [17,19], high chemical and mechanical resistance properties [7], and good
electrochemical performance when compared to commercial separators. Some commercial synthetic polymers
that have been developed as host polymers are polyethylene (PE), polypropylene (PP), polyvinylidene fluoride
(PVDF), polymethyl methacrylate (PMMA), polyacrylonitrile (PAN), and polyethylene oxide (PEO) [20]. Synthetic
fibers requiring high expenses and natural fibers have been studied as potential reinforcement in composite
applications [21]. In general, thermoplastic polymers possess unique properties (physical, thermal, and
electrical) that make them suitable for a wide range of applications since they are light-weight, inexpensive, and
durable [22]. Several studies have reported that the application of polyvinylidene fluoride (PVDF) based
nanofiber separators synthesized using electrospinning showed optimal supercapacitor system performance
[17,23,24]. Among the various polymers, PVDF exhibits high electrochemical stability and good electrical
properties that have potential for supercapacitor applications. However, this polymer has low flexibility due to
its high crystallinity [17], so the addition of a material is required to strengthen the mechanical properties of
PVDF. Polyacrylonitrile (PAN) shows good resistance to oxidative degradation and chemical stability, and high
oxidative stabilization even at high temperatures [25]. So far, the manufacture of PAN/PVDF nanofiber
composite membranes for supercapacitor application has not been reported. The optimization of the
membrane’s microstructures and their performance will be discussed in detail.

Materials and Methods

Materials

To prepare the electrospinning solution, the materials used were polyacrylonitrile (PAN, MW = 150,000 g/mol),
polyvinylidene fluoride (PVDF, MW = 180,000 g/mol) and N,N-dimethylformamide (DMF) were purchased from
Sigma-Aldrich. Activated carbon (AC, CGC, Bangkok, Thailand) and carbon black (CB, Imerys, La Hulpe, Belgium)
were used as electrode materials. Tetraethylammonium tetrafluoroborate (Et4NBF4, Gelon, Shandong, China)
was applied for the electrolytes of the device.

Preparation of PAN/PVDF Nanofiber Membranes and Fabrication of Supercapacitor

Each electrospun solution used was 5 mL, composed of 8 wt% total polymers (PAN+PVDF) dissolved in 92 wt%
solvents of DMF. First, PAN of various masses of 0.4, 0.36, 0.32, 0.28, and 0.24 g were dissolved into DMF using
a magnetic stirrer at 80 °C for 1 hour. Then, various amounts of PVDF of 0, 10, 20, 30, and 40 wt% (0, 0.04, 0.08,
0.12, and 0.16 g, respectively) were added to the PAN:DMF solution and stirred for 2 hours. The polymer
solutions were sonicated for 1 hour to produce a homogeneous solutions. The final solutions were allowed to
mix in a magnetic stirrer for 24 hours. The homogeneous PAN/PVDF composite solution was electrospun to
obtain a PAN/PVDF nanofiber membrane using electrospinning with a high voltage of 10 kV. The fiber in this
process collected on the aluminum foil substrate was then annealed in the oven at 75 °C for 5 hours.

The supercapacitor in this study was prepared using the sandwiching method. The electrodes used were AC-CB
electrodes, which were placed in the middle of a glass slide and separated by a four-layer PAN/PVDF nanofiber
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separator membrane. The electrolyte applied in this system was tetraethylammonium tetrafluoroborate
(EtsaNBF4) dissolved in acetonitrile.
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Figure1 Schematic of a symmetrical supercapacitor.

Characterization

The functional group of the PAN/PVDF nanofiber membrane was characterized by fourier transform infrared
(FTIR) spectroscopy, which was observed at a wave numbers from 4000 to 500 cm™ using a Shimadzu, type
IRPrestige 21. The morphology, fiber diameter distribution, and porosity of the PAN/PVDF nanofiber membrane
were characterized by scanning electron microscopy (SEM) using an Inspect-S50 FEI.

The porosity of the PAN/PVDF nanofiber membrane was also tested using the n-butanol absorption method.
The percentage of membrane porosity can be determined based on the calculation of the membrane mass
before and after immersion in n-butanol for 2 hours using Eq. (1):

wi—Wo

Porosity (%) = (1)

Wo

where, w, is the mass of the membrane before immersion, while w; is the mass of the membrane after
immersion.

The electrochemical properties of the PAN/PVDF nanofiber separator membrane were studied based on the
supercapacitor’s specific capacitance, which was calculated using galvanostatic charge-discharge (GCD) test
data. Measurements were carried out using a GCD Newar BTS 4000 instrument. From the GCD test, the
calculation of specific capacitance C(Fg™1), energy density E(Whkg™1), and power density P(Wkg™1), which
were calculated using Egs. (2) to (4) [26,27]:

41At
C= AV (2)
1 CAV?
T8 36 (3)
p— E X 3600 (4)
At

where [ is the discharge current (mA), m is the electrode mass (g), dV is the potential difference (V), and t is the
discharge time (s).

Results and Discussion

Functional Group of Nanofiber Membrane

The IR spectra of the PAN/PVDF nanofiber membranes is depicted in Figure 2. The obtained characteristics of
each peak are presented in Table 1.
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Figure 2 IR spectra of PAN /PVDF nanofiber membranes at five composition variations.

Tablel Comparison of the IR spectra of the PAN/PVDF nanofiber membranes.

Wave Number (cm 2)

Bonding Characteristics
PAN nanofiber PAN/P.V DF Reference
Nanofiber

- 880.91 ~880 C-F stretching vibration [28,26]
1073.90 1073.90 ~1190-1390 Methylene (C-H) group [29]

1248.75 1272.70 ~1220-1270 Aliphatic CH (CH, CHa, CHs) group vibration
[30,31]

1363.39 i ~1350-1380 Aliphatic CH (CH, CHa, CHs) group vibration
[30,31]

- 1405.47 ~1405 CF2symmetrical stretching groups [28]
1451.91 1449.73 ~1450-1560 Aliphatic C-H (CH, CHz,SCaI-]b) group vibration [30-
1666.5 1666.5 ~1631-1668 C=N stretching vibration [30]
2243.47 2245.64 ~2240-2361.4 C=N nitrile group stretching vibration [34-37]
293926 293926 ~2870-2940 Stretching vibration C-H (CH, CH», CHs) group

[35,36]
3632.15 3645,21 ~3200-3700 O-H Stretching vibration [36,38]

The absorption with high intensity at wave number of 2243, 47 cm™ was observed. The functional group is
related to the C=N stretching vibration of the nitrile group. However, the intensity decreased significantly with
increasing PVDF concentration [23,40].

The characteristics of each peak in the IR PAN spectrum before and after being composited with the PVDF
polymer materials are presented in Table 1. Functional groups with the C=N stretching vibration nitrile group,
the aliphatic group C-H (CH, CHz, CHs) vibration, and the stretching vibration C=0 are a characteristic of the PAN
membrane functional group [39]. Meanwhile, in the IR PAN/PVDF spectrum, it was shown that there was a
functional group of the PAN, but there was a shift in the band vibration in one of the functional groups. Wave
number 1363.39 cm™ with an aliphatic C-H (CH, CH., CHs) vibration group has a peak shift at a wave number of
1405.47 cm™ with a CF2 symmetrical stretching functional group. In the IR PAN/PVDF spectrum there is also a
new peak that appears at wave number 880.91 cm™, which indicates the C-F stretching vibration functional
group. The existence of a shift and the appearance of new peaks in the IR spectrum of the PAN/PVDF nanofiber
composite membrane informed that there was a PVDF polymer in the PAN polymer mixture. These two peaks
are characteristic of the PVDF functional group [28]. Surface functional groups—O-containing and N-containing
groups—in the IR PAN/PVDF spectrum are the important functional groups that affect the performance of the
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separator. These functional groups can significantly enhance the total capacitance through additional Faradaic
reactions called the pseudo-capacitance effect [17].

Nanofiber Membrane Morphology

The morphology, diameter, porosity, and pore size of the PAN/PVDF nanofiber membranes were characterized
using a scanning electron microscope. The SEM images were then analyzed using the ImageJ and the Origin
software packages to obtain a histogram of the fiber diameter distribution.

Figure 3 Surface morphology of PAN/PVDF nanofiber membranes and fiber diameter distribution: (a) 0, (b) 10, (c)
20, (d) 30, and (e) 40 wt% PVDF.

Figure 3 is a SEM image of the PAN/PVDF nanofiber membrane synthesized with several concentrations of PVDF
(0, 10, 20, 30, and 40 wt%) observed at a magnification of 20,000 times. The surface morphology of the SEM
images show smooth nanofibers without beads at low PVDF concentrations, but in contrast, beads were
observed with increasing PVDF concentrations. The appearance of these beads is a consequence of the low
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viscosity due to an increase in agglomeration of the PVDF particles, so it is difficult to maintain the elongation of
the liquid in an electrospinning jet [40]. The optimum PVDF concentration in the PAN/PVDF electrospinning
solution was found at a PVDF concentration of 20 wt%.

Table2 Average diameter, porosity, and pore size of PAN/PVDF nanofiber membranes.

Sample Diameter (nm) D (%) Pore size (nm)
PAN/ PVDF 0% 337.1+4.0 59.27 365.1
PAN/ PVDF 10% 389.7+9.9 62.94 482.0
PAN/ PVDF 20% 537.8+11.2 70.55 1059.9
PAN/ PVDF 30% 261.4+4.7 66.64 462.2
PAN/ PVDF 40% 240979 67.26 579.5
Whatman filter paper 63.77

Based on Table 2, it can be seen that the fiber diameter size increased with the increase of the PVDF polymer
concentration. The fiber diameter increased from 240.9 nm to 537.8 nm. Uniform fibers were formed due to an
increase in the polymer concentration in the electrospinning jet and also interactions between polymer chains
in the solution. Thus, with increasing PVDF concentration, the average fiber diameter also increases [41]. The
largest average diameter was obtained on the PAN/PVDF nanofiber separator membrane with a PVDF
concentration of 20 wt%, i.e., (537.8 + 11.2) nm. Then it decreased at a concentration of 30 wt% PVDF (261.4 +
4.7) nm. The nanofiber diameter size in this experiment was 100 to 500 nm [42].

The SEM image in Figure 3 was also analyzed using the Origin software to obtain the percentage of nanofiber
membrane porosity. Good porosity can increase the surface area of the pores, affecting the absorption of
nanofiber membranes. Table 2 shows that the maximum porosity obtained from the PAN/PVDF nanofiber
membrane with a PVDF concentration of 20 wt% was 70.55%, meaning that good absorption of the separator
membrane electrolyte occured at this concentration. Table 2 also shows the percentage of Whatman filter paper
porosity, but the percentage of porosity was still below the maximum porosity percentage of the PAN/PVDF
nanofiber membrane obtained.

The porosity is influenced by the pore size. The larger the pore size, the greater the absorption ability of a
nanofiber membrane. A nanofiber separator membrane with a large pore size will be very useful for the
absorption of large amounts of electrolytes [43]. The ideal pore size for the separator is < 1 um [44]. In this
study, the electrolyte EtaNBFswith an EtaN* ion diameter of 0.343 nm was used, while the BF4 ion had a diameter
of 0.229 nm [45]. Based on the resulting pore size, which was in the range of 365.1 to 1059.9 nm, it means that
the rate and mobility of ions could run smoothly.

Another efficient method for measuring the porosity of nanofiber membranes is to use the n-butanol absorption
method [41]. The porosity is a percentage of the pore volume to the total membrane volume [46]. Based on
calculations using Eq. (1), the results of the porosity of the PAN/PVDF nanofiber membrane based on the n-
butanol method are presented in Table 3.

Table3  Porosity percentage of PAN/PVDF nanofiber membrane based on the n-butanol absorption

method.

Sample D (%)

PAN/PVDF 0% 185.18

PAN/PVDF 10% 188.55

PAN/PVDF 20% 197.53

PAN/PVDF 30% 162.55

PAN/PVDF 40% 128.09

Whatman filter paper 90.53

Table 3 shows the porosity percentage using the n-butanol absorption method appropriate with the results of
the surface porosity of the SEM images analyzed using the Origin software. The porosity plays an important role
in supercapacitor separators. Separators with a multi-pore structure can reduce mechanical stability. On the
other hand, a limited number of pores will also affect the accessibility of the electrolytes at the supercapacitor
electrode [47]. The ability of the nanofiber membrane to absorb is referred to as the swelling ability or can be
interpreted as the ability to increase the size of the nanofiber diameter due to the absorption process.
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Figure 4 Cross-section of separator: (a) PAN/PVDF membrane 20 wt% nanofibers, (b) Whatman filter paper.

To determine the thickness of the separator obtained by SEM cross-section test is shown in Figure 4. Figure 4
(a) is the 20 wt% PAN/PVDF nanofiber membrane cross-section, which was selected based on the optimum
results of the nanofiber membrane in each test, while Figure 4 (b) is a cross-section Whatman filter paper
separator. Based on Figure 4, the thickness of the 20 wt% PAN/PVDF nanofiber membrane is much thinner
(7.5 pm) when compared to the Whatman filter paper separator (70.6 um). The thickness of the separator is an
important factor for the capacitance in the electrochemical properties of supercapacitors. In addition, the
separator must be thin, porous, and have a great dielectric substance to facilitate electron ion transfer [48], so
a separator that is too thick will only provide long ion diffusion distances [49].

Electrochemical Properties of Nanofiber Separator Membrane Supercapacitors

Symmetrical supercapacitors use activated carbon (AC) — carbon black (CB) electrodes. Activated carbon is the
most popular material and has been widely used as a conventional supercapacitor electrode material because
of it is high surface area, wide availability, and inexpensiveness [50]. Carbon black is added as a suitable
conductive additive to increase the capacitance. The electrochemical properties of this supercapacitor were
carried out using a galvanostatic charge-disharge (GCD) test. The correlation between voltage (V) and time (s) is
shown in Figure 5.
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w— PAN/PVDF 20%
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Figure 5 Supercapacitor charge-discharge: (a) PAN/PVDF nanofiber separator membrane, (b) comparison of
commercial separators.

Based on Figure 5(a), the PAN/PVDF nanofiber separator membrane with a PVDF concentration of 20% showed
a longer discharge time than the other concentration variations, at almost 300 seconds. Meanwhile, comparing
the curve to that of commercial separators, a Whatman filter paper separator in this case, showed an increase
in discharging time. The supercapacitor gravimetric capacitance was calculated using Eq. (2). The following table
presents the results of calculating the capacitance, energy density, and power density.
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Table 4 and Figure 6 show that increasing the concentration of PVDF causes an increase in the gravimetric
capacitance of supercapacitors based on PAN/PVDF nanofiber membrane separators. The curve in Figure 6 also
informs that the performance of supercapacitors based on PAN/PVDF nanofiber separator membranes reached
its optimum limit at a PVDF concentration of 20% with a gravimetric capacitance of 54.104 Fg~!. However,
starting with a PVDF concentration of 30%, there was a decrease in performance, which was suspected of
increasing the PVDF’s crystallinity, causing a decrease in the conductivity of the PAN/PVDF nanofiber composite
separator membrane [51]. If the optimum supercapacitor performance is indicated by the PAN/PVDF nanofiber
separator membrane with a PVDF concentration of 20%, the results are in accordance with the tests with a large
diameter, porosity, and pore size of the PAN/PVDF nanofiber membrane, which also achieved optimum
performance at this concentration. In this condition, the amount of electrolyte that can be absorbed in the
membrane will increase. Increasing the electrolytes is effectively an ion transfer mechanism. In another result,
a PVDF of 30% and 40% showed decreasing performance. This may be caused by a decreased porosity and pore
size when enhancing the concentration.

Table4 Values of gravimetric capacitance, energy density, and power density of supercapacitors
based on PAN/PVDF nanofiber separator membranes.

Sample C(Fg™h E(Whkg™1) P(Wkg™)
PAN/PVDF 0% 37.506 0.690 36.720
PAN/PVDF 10% 38.673 0.781 37.991
PAN/PVDF 20% 54.104 1.143 38.827
PAN/PVDF 30% 46.91 1.010 39.512
PAN/PVDF 40% 35.501 0.641 36.055
1.2 = 56 40
54 J =ll=Capacitance (Fig)
Erergy Density (Whikg)
h2 4 Power Density (Whkg)
L 30
A0 <
1.04 a0}
46 L 38
44 d
0.84 421 37
40 +
384
36 » - 36
0.64d 34 . . r r r
0 10 20 30 40
PAN/PVDF (%)

Figure 6 Graph of specific capacitance, energy density, and power density of supercapacitor based on PAN/PVDF
nanofiber separator membrane.

Table5 Comparison of gravimetric capacitance values, energy density, and power density of
PAN/PVDF nanofiber membrane separator-based supercapacitors with commercial separators.

Sample C(Fg™) E(Whkg™1) P(Wkg™)
PAN/PVDF 20% 54.104 1.143 38.827
Whatman filter paper 50.416 1.200 41.148

Table 5 compares the gravimetric capacitance of the 20% PAN/PVDF nanofiber separator membrane with the
Whatman filter paper separator. The results of this comparison show that the gravimetric capacitance of the
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20% PAN/PVDF nanofiber separator membrane was higher than that of the Whatman filter paper separator.
However, the energy density of PAN/PVDF 20% was almost the same as that of the Whatman filter paper
separator. The energy density is influenced by the ionic conductivity of the electrolyte membrane. Using 1 M
electrolyte EtsaNBF4 with EtaN* ions to increase ionic conductivity has been reported [20]. Diantoro et al. [52]
used coconut shell-based activated carbon (ACCS) electrodes, polyethylene separators, and 1 M electrolyte
EtsNBFa. It revealed that ACCS supercapacitors with activation temperatures of 500 and 700 °C achieve a specific
capacitance of 46.733 Fg~1. When compared with this study, the capacitance values of the 20% PAN/PVDF
nanofiber separator membrane was higher. From all these studies, the values of capacitance, energy density
and power density in this study indicates that the optimum PAN/PVDF nanofiber separator membrane at a
concentration of 20% was almost equivalent to that of a commercial separator.

Conclusion

Characterization of the PAN/PVDF membrane showed a shift and the addition of new peaks in the spectrum,
indicating the presence of PVDF polymer material in the PAN polymer mixture. In the SEM characterization, the
surface morphology showed smooth nanofibers without beads at low PVDF concentrations but otherwise beads
were observed with increasing PVDF concentrations. The increasing concentration of PVDF also affects an
increase of the diameter of the resulting fiber, which ranged from 240.9 to 537.8 nm. Thus, it also affects the
nanofiber membrane porosity percentage. The optimum porosity percentage was obtained at a PVDF
concentration of 20 wt%, at 70.55%. In testing the performance of supercapacitors using a PAN/PVDF nanofiber
membrane as a separator, it was shown that the results could reach its optimum limit at a PVDF concentration
of 20%, with a gravimetric capacitance value of 54.104 Fg~ 1.
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