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ABSTRACT

Separators in supercapacitors have an important role as intermediaries for ions that pass during the charge-
discharge process and affect the performance of supercapacitors. Therefore, a comprehensive study is
needed related to separator characteristics, including morphology, pore size, diameter, functional group, and
electrochemical performance of separator membranes from PAN/PVDF composites. The separator
membrane was synthesized using the electrospinning method with thickness variation (2, 4, 6, 8, and 10
layers), followed by supercapacitor fabrication with coin cell device. The resulting membrane was then
characterized by Scanning Electron Microscope (SEM) and Fourier Transform Infrared (FTIR). For the
result of supercapacitor fabrication with coin cells, Galvanostatic Charge-Discharge (GCD), Cyclic
Voltammetry (CV), and Electrochemical Impedance Spectroscopy (EIS) were carried out to determine
supercapacitor performance. FTIR results showed that the PAN/PVDF membrane was successfully
composites with the addition of new peaks identified as PVDF and PAN at wave numbers 2243.21 and 881
cm’!. The nanofibers formed have diameters ranging from 319.7 to 339.95 nm. The optimum percentage of
electrolyte uptake is obtained at membranes that have 6 layers, which is 318.18% and decreases to 173.68%
the thickness is 10 layers. In this study, the optimum supercapacitor performance was obtained in the 6
layers variation with a thickness of 75.91 x 10° nm with a gravimetric capacitance value is 53.36 F/g, the
capacity retention is 88.96% after being tested for 500 cycles, the largest curve area of CV, and an ionic
conductivity value is 54 x 10 S/cm.

Copyright © 2025. Journal of Mechanical Engineering Science and Technology.
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I. Introduction

In today’s modern life, that increasingly dependent on energy, the amount of electrical
energy demand also increasing. Researchers predict that there will be an energy crisis caused
by an imbalance between demand and existing energy supply [1]. Energy storage devices
have an important effect on the process of reducing dependence on fossil fuels, that are less
environmentally friendly [2]. Lithium-ion batteries are one of the most popular energy
storage devices, but lithium is a toxic material that can damage the environment [3]. To
overcome this and see the many pollution issues due to greenhouse gases, it is necessary to
develop alternative energy sources that are efficient and environmentally friendly for the
future [4]. Supercapacitors can be one of the efficient energy storage alternatives for now
because they are able to store energy through electrical double layers and faradic reactions,
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have high density when compared to batteries, have good stability, fast charge cycles, great
capacitance, and longer cycle life [5], [6].

The components of supercapacitors consist of electrodes, electrolytes, and separators
[7]. Each component in supercapacitors has an important role in improving supercapacitor
performance, including separators [8]. A good separator is a separator that has chemical
stability, temperature, shape, ability to absorb ions, good ionic conductivity, and a stable
cycle [9]. For now, there are still many commercial separators that experience high thermal
shrinkage, limited ionic conductivity, low porosity, and poor durability [10]. Therefore, it is
necessary to develop a membrane separator that has high porosity, low resistance, good ion-
absorbing ability, safer, and stable [11]. The thickness of the separator also affects the
performance of the supercapacitor, where the thickness will affect the length of ions that
pass during the charge-discharge process [12]. Separators with a thickness that is too thin
will make the supercapacitor's performance decrease, and will experience a short circuit [13].
While the separator with a thickness that is too thick inhibits the ion transfer process, so that
the electrochemical intensity and capacity of the supercapacitor will decrease. Therefore, the
separator must have an ideal thickness to achieve optimum supercapacitor performance [14].

Electrospinning is one method to produce nano-sized membranes for a separator
application [15]. Nanofibers produced from the electrospinning method have a large surface
area and high porosity [16]. Several studies have shown that polyacrylonitrile (PAN) and
polyvinylidene fluoride (PVDF) polymers were successfully synthesized using the
electrospinning method [17], [18]. PAN has good thermal resistance, high chemical stability,
and good mechanical properties. While PVDF has high electrochemical stability properties.
Therefore, PAN/PVDF membrane can be a good separator when applied to supercapacitors.
Some studies also show that separators with variations in thickness show an influence on the
performance of the membrane when applied to supercapacitors [19], [20].

Zheng et al. tested the PAN/PVDF/PAN separator membrane and obtained a porosity
percentage of 63.44% at a thickness of 23 x 10° nm [21]. Wen et al. also reported that the
ionic conductivity value increased by 100% as the thickness of the separator decreased by 2
x 107 nm [20]. Gilshteyn et al. reported that PV A synthesized by the electrospinning method
obtained the smallest thickness of 1.5 x 10~° nm and caused a higher resistance value [22].
Several previous studies have shown that separator thickness plays an important role in
determining the electrochemical performance of supercapacitors. However, no studies have
focused on the thickness of PAN/PVDF separators in supercapacitors. Given that
PAN/PVDF offers a promising combination of mechanical robustness and electrochemical
compatibility. Therefore, this study aims to evaluate the electrochemical behavior of
PAN/PVDF membranes with various thicknesses in supercapacitor applications.

II. Material and Methods

1. Materials

The materials needed in this research are polyacrylonitrile (PAN with Mw 150,000
g/mol), polyvinylidene fluoride (PVDF with Mw 180,000 g/mol), N,N-dimethylformamide
(DMF) as solvent were purchased from Sigma Aldrich, activated carbon (AC, Thailand),
carbon black (CB, Belgium), LA 133 binder (Belgium), EtaNBF4 electrolyte, DI water,
ethanol, and set coin cell type LIR2032 (China).
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2. Preparation of PAN/PVDF Nanofiber Membrane

The composite manufacturing stage begins with dissolved 0.32 g of PAN in 4.6 ml of
DMF with magnetic stirrer at 800 rpm and 80°C for 1 hour. Then, 0.08 g of PVDF was added
and stirred again at 1000 rpm and 80°C for 2 hours. After that, the solution was sonicated
for 1 hour. Next, it was stirred again at 1000 rpm at room temperature for 20 hours. After 20
hours, the solution was reheated at 50°C for 20 minutes. Before electrospinning, stirred again
the composite at 1000 rpm at room temperature for 30 minutes. The homogeneous
PAN/PVDF composite solution was put into a 10 ml syringe with a 24 syringe needle cut
off at the end. The electrospinning device was set to a voltage of 9 kV and flow rate of 20.
The nanofibers were then oven at 75°C for 5 h. The membrane will be varied by layer to
obtain different thicknesses. To make it easier, the samples were named by PP2, PP4, PP6,
PP8, and PP10 for 2, 4, 6, 8, and 10 membrane layers, respectively.

3. Preparation for AC-CB electrode

The AC-CB electrode paste was prepared by dissolved 1 g of LA 133 binder with 2 mL
DI water and stirred using magnetic stirrer at 200 rpm for 30 minutes. Then, add 0.1 g of CB
and stirred at 200 rpm for 30 minutes. Then, add 0.9 g of AC and stirred at 200 rpm for 30
minutes. Then, the sample was stirred again using a magnetic stirrer at 300 rpm for 24 hours.
The obtained paste was then deposited on aluminum foil using a doctor blade with a
thickness of 20 um. Then, it was annealed for 2 hours at 80°C.

4. Fabrication of Supercapacitor

After synthesizing each component of the supercapacitor, the next step is fabrication. In
this study, supercapacitor fabrication used coin cell device. The supercapacitor arrangement
with coin cells is shown in Figure 1.

...... Spacer (0.5 mm)

------ Cathode (AC//CB)

...... Separator (PAN/PVDF) | 0 @
...... Anoda (AC/CB)

...... Spacer (1 mm)

------ Negative Case
Fig 1. Supercapacitor assembled in this study

5. Characterization and Calculation

The morphology of the membrane was characterized using Scanning Electron
Microscopy-cross section (SEM, FEI Inspect-S50). Fourier Transform Infra-Red (FTIR,
Shimadzu IR Prestige 21) was performed to determine the functional group in the
wavenumber range of 4000 — 500 cm™!. To determine the electrolyte uptake ability (%), the
membranes were immersed in EtaNBFa electrolyte for 2 hours. The mass before and after
immersion was recorded to calculate the electrolyte uptake ability (%), as shown in Eq. (1).
wW-Wo

Wo

Electrolyte Uptake (%) = X100 i (1)

The electrochemical performance of supercapacitor was characterized using
Galvanostatic Charge-Discharge (GCD, Solarton 1286). The data obtained from GCD are
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the values of gravimetric capacitance (Cg), energy density (E), power density (P), and
capacity retention. The gravimetric capacitance, energy density, power density, and capacity
retention were calculated using Eq. (2), (3), (4), and (5), respectively.

4IAt

Cg = oy T (2)
1 CAV?
E= B Bl T 3)
3600F
T T T T TP PP PPN PSPPI PP T P TRNPOP 4)
Capacity Retention (%) = E—: X100 e (5)

Where Cg is gravimetric capacitance, V is the voltage, t is the time, m is the mass of
electrode, Cn is the capacitance after n cycles, and Co is the initial capacitance.

Furthermore, electrochemical performance of supercapacitor was characterized by
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) using Gamry.
From EIS, the ionic conductivity value was determined using Eq. (6).

d
O o e (6)

Where d is the thickness of the membrane, Rct is the charge transfer resistance, and A is the
membrane area.

I1I. Results and Discussions
1. Functional Groups of PAN/PVDF Separator Membranes

Figure 2 shows that the IR spectra of PAN and PAN/PVDF are almost similar, especially
at wavenumber 2243.21 (C=N bond stretching vibration), 2939.51 (C-H stretching
vibration), and 1073.35 cm™!, which are typical of PAN spectra.

<4000 3500 3000 2500 2000 1500 1000 500 o
T T T T T T T T

PYDF

Transmitance (%)

Pk

L L L L L L L L
4000 2500 3000 2500 2000 1500 1000 S00 Lul

Wavenumber {cm™1)

Fig 2. IR spectra of PAN, PVDF, and PAN/PVDF

The IR spectrum graph of PAN is almost similar to PAN/PVDF because the composition
is dominated by PAN [23]. The IR spectrum of PAN/PVDF also found a peak that is
characteristic of PVDF at wave number of 881.11 cm™, which is a C-F stretching vibration
bond. Furthermore, the PAN/PVDF composite absorption peaks experience a slight shift to
smaller wave numbers, indicating the presence of intermolecular interactions. The
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interaction is dipole-dipole attraction, which causes a slight weakening of bonds [24]. These
results confirm that the PAN and PVDF composite results still obtained both polymers with
more PAN concentration than PVDF. Table 1 shows the characteristics of IR absorption of
PAN, PVDF, and PAN/PVDF.

Table 1. Comparison of IR spectra of PAN/PVDF membrane

Wavenumber (cm™) Characteristics
PAN PVDF PAN/PVDF Reference
- 881.11 881.46 ~880 C-F stretching vibration [17]
1074.35 1078.2 1074.35 ~1190 — 1390 C-H group [25]
- 1404.17 1406.75 ~1401 C-H bond bending vibration [26]
2243.21 - 2241.28 ~2238 — 2243 C=N nitrile group stretching
vibration [27]
2939.51 - 2938.15 ~2943 C-H stretching vibration [26]

Figure 3 shows that at wave numbers 2243.21 cm™ and 881 cm™, no shift is observed,
indicating that each variation still contains PAN and PVDF polymers in the composite. In
Figure 3, it can also be observed that there are differences in absorbance at wave numbers
2243.21 cm™ and 881 cm™ in each variation. The thicker the separator membrane, the
greater the absorbance value obtained. This shows that the thicker the separator membrane,
the more PAN and PVDF polymers contained in it [28].

cp ‘z_\__.——ﬂ——..
£re, JOS— iy ————
ppg = | T

Transmitance (%)}
3

PP10

T T T T T T T T
4000 3500 000 2500 2000 1500 1000 500
Wavenumber {cm™)

Fig 3. IR spectra of PAN/PVDF membranes with various thicknesses

2. Morphology and Thickness of PAN/PVDF Separator Membrane

Figure 4a-e shows the morphology of PAN/PVDF membrane with varying thickness.
The SEM images show that the morphology of fiber is formed without beads. Table 2 shows
the diameter of fibers in the range of 319.7 nm to 339.95 nm. The fiber diameter range is not
far adrift because the same polymer concentration is used in all variations. This is in
accordance with the theory that the diameter of the fiber depends on the polymer
concentration used, flow rate, voltage, collector shape, and the distance between the collector
and the needle tip during electrospinning [29]. The results of the measurement of the
diameter of the fiber produced are in accordance with the theory of nanofiber diameter size,
ranging from 100 nm to 500 nm [30].
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Fig 4. Morphology from SEM and normal distribution of (a) PP2; (b) PP4; (c) PP6; (d) PPS;
(e) PP10 and cross-section of (f) PP2; (g) PP4; (h) PP6; (i) PP8; (j) PP10.

Table 2. Result from SEM and electrolyte uptake ability of PAN/PVDF membranes

Samole Average thickness Average fiber Average pore Electrolyte

P (nm) diameter (nm) size (nm) uptake (%)
PP2 13.97 x 10° 335.26 + 1.74 537.96 262.5
PP4 32.67 x 10° 339.95+5.45 165.81 280.0
PP6 75.91 x 10° 321.36 £ 1.60 142.28 318.2
PP8 86.31 x 10° 319.70 + 1.46 129.77 240.0
PP10 151.56 x 10° 328.93 £2.33 94.49 173.7
Whatman - - - 128.6

Figure 4f-j shows the cross-section of the nanofiber membranes. The results of analysis
using Image] software obtained thicknesses ranging from 13.97 to 151.46 x 10° nm, as
presented in Table 2. This shows the success of varying thickness variations with the addition
of layers. Pore size measurement results are in the range of 94.49 - 537.96 nm. The thicker
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of PAN/PVDF separator membrane, the smaller pore size due to the overlap in each layer
between fibers and pores. The ideal pore size for a separator is <1000 nm [31]. The results
obtained in this study support that the separator produced is ideal according to its pore size.
Separator serves as a medium for ion transfer in supercapacitors; therefore, the pore size
must be uniform and can transverse the electrolyte ions [32]. In this study, using EtaNBF4
electrolyte, which has EtaN" and BF4™ with diameters of 0.343 and 0.229 nm, respectively
[3]. It shows that the pore size produced in this study is larger than the diameter of ions in
the electrolyte, which means that ion mobility can move smoothly [33].

Besides pore size, separator must also have good electrolyte uptake ability. High
electrolyte uptake ability can increase the ionic conductivity, thereby facilitating the rapid
transport of ions in supercapacitor [34]. The percentage of electrolyte uptake ability is shown
in Table 2. Thinner separators (PP2, PP4, and PP6) have a higher electrolyte uptake ability
than thicker separators (PP8 and PP10). The optimum electrolyte uptake ability was obtained
in PP6, reaching 318.18%. The decrease in electrolyte uptake ability observed in PP8 and
PP10 was 240% and 173.68%, respectively. Membrane separators that have many pores but
are too thin will have a tendency to absorb less of electrolyte. Similarly, the membrane is
too thick, resulting in limited access to electrolyte ions to be absorbed [35]. PP6 shows a
higher electrolyte uptake ability than the Whatman as a commercial separator. PAN/PVDF
membrane has a stronger interaction with electrolyte molecules, thus accelerating the
infiltration and retention of electrolytes in the membrane pores.

3. Electrochemical Performance of Supercapacitor

Supercapacitor performance was characterized by Cyclic Voltammetry (CV),
Electrochemical Impedance Spectroscopy (EIS), and Galvanostatic Charge Discharge
(GCD) using two-electrode system. Good supercapacitor performance is evaluated based on
several electrochemical parameters, including high specific capacitance values, energy
density, power density, high capacity retention, and high ionic conductivity value.

0.03

0006 @ PP2 = 100 mVis
® PP4 e S0mVis
o iic 0024 4 20mws
0.004
bt it v 10mVis
® pP10 -y
z 0.002 Whatman e g 7/ i 3 Gy
= — 13
% 00 £ 000
£ 4 I
© -0.002 B 8
Y, -0.01 4
-0.004 ’
-0.02
-0.006 4
v . -0.03 <4+
0

-1.0 -0.5 00
voltage (V)

T
05

T
1.0

-1.0

T
-05

00 05 10
voltage (V)

Fig 5. Cyclic voltammograms of (a) PAN/PVDF membranes at scan rate of 5 mV/s, (b) PP6
sample at scan rates of 10, 20, 50, and 100 mV/s

Figure 5a shows the voltammetry graph for all samples with scan rate of 5 mV/s. All
curves are all the same shape, which is semi-rectangular, indicating that the electrode is
electric double layer capacitor (EDLC) type due to the use of carbon-based material for
electrode [36]. PP6 has the largest curve area, indicating that the separator PP6 provides
optimum charge-discharge cycles with minimum degradation. The largest curve area also
indicates a high charge storage capacity, which means a larger specific capacitance [37].
Figure 5b shows the CV curve of PP6 at various scan rates (10, 20, 50, and 100 mV/s). All
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curves were formed without any discontinuity, indicating that charge diffusion is excellent
with stable electrochemical performance [38]. When the scan rate is 50 — 100 mV/s, the
curve becomes more pointed at the end due to insufficient diffusion of electrolyte ions [39].

m PPz
14 4 & PP4
A PFO
v FFB
12 * PPID

L | wmetman,

10 4

Z imaginer (ohm)

Z real (ohm)

Fig 6. Nyquist plot of PAN/PVDF membranes

Figure 6 shows the Nyquist plot for all samples, which consists of a semicircle followed
by a linear tail. The diameter of semicircle represents the charge transfer resistance (Rct),
which indicates the resistance to electron transfer at the interface of the electrode and
electrolyte [40]. The smallest diameter is observed in PP6, with an Rct value of 4.41 ohm,
and increased when the separator gets thicker and thinner. Membranes with nanoscale
diameters and optimum pore sizes have a high specific surface area. The high specific
surface area provides a greater number of electrochemically active sites, thereby facilitating
more efficient charge storage through electric double layer formation at the electrode—
electrolyte interface. It can reduce the Rct value due to its ability to create more efficient ion
and electron transport pathways [41]. Lower Rct values indicate more efficient electron
transfer, thus improving the supercapacitor performance [42]. The thicker of separator, the
longer ion diffusion distance. This makes ion transport slower, making it more difficult for
ions to reach the electrode interface where the chemical reaction takes place. This is in
accordance with Fick's law, which states that ion diffusion time is directly proportional to
the square of the distance [43]. A separator that’s too thick requires a longer ion transport
and capacitive response time, thus increasing the Rct value. The thinner of separator, the
amounts of electrolyte that can be absorbed is also less. This reduces the number of ions
available to move during the charge and discharge process. The electrode interface will lack
electrolyte, causing an increase in Rct value. It can be related to the highest electrolyte uptake
ability also obtained by PP6. The average pore size of PP6 is 142.28 nm, which means the
pore size is ideal for PAN/PVDF separator. The Rct value obtained by PP6 is also smaller
when compared with Whatman as commercial separator.

Based on calculations using Eq. (6), the ionic conductivity values of the PAN/PVDF
separator with varying thickness are presented in Table 3. PP6 has the highest ionic
conductivity when compared to other samples and commercial separator (Whatman). Ionic
conductivity value of PP6 is equal to 54 x 10 S/cm and increases when the separator gets
thicker. The smaller Rct value means a greater ionic conductivity value because it reflects a
more efficient charge transfer process, allowing ions to move freely through when crossing
the electrode-electrolyte interface [44]. Comparison of the results in this study with previous
study is summarized in Table 4. Among all the studies presented in Table 4, the ionic
conductivity value in this study remains higher, which indicates that the PAN/PVDF
membrane was successfully applied in supercapacitor.

Agustina et al. (Effect of Thickness of Nanofiber Separator Membrane on Supercapacitor’s Performance)



ISSN: 2580-0817 Journal of Mechanical Engineering Science and Technology 236
Vol. 9, No. 1, July 2025, pp. 228-242

Table 3. Rct and ionic conductivity values of PAN/PVDF membranes

Sample Rct () 6 (S/cm)
PP2 12.12 3.7 x10°
PP4 9.53 10.9 x 103
PP6 4.41 54.0 x 107
PP8 15.01 18.3 x 107
PP10 40.16 12.0 x 107

Whatman 31.66 7.1 x10°

Table 4. Comparison of ionic conductivity values with previous studies

Separator Electrode Electrolyte  Thickness (nm) o (S/cm)  Reference
PAN LiFePO4 - 22.0 x 10° 0.25 x 107 [21]
PVDF Stainless steel EMIMBF,4 150.0 x 10° 2.02 x 107 [45]

PVA/SiO, - - 20.7 x 10° 0.01 x 107 [46]

PVA/TEOS - - 54.6 x 10° 0.01 x 107 [46]
PAN/PVDF 20% AC-CB Et4NBF4 75.9 x 10° 54.0 x 10°  This work

Figure 7 shows that the PP6 sample with a thickness of 75.91 x 10° nm has the longest
discharge time, reaching 230 seconds. The discharge time obtained on the PP6 sample is
longer than the Whatman commercial separator. This is attributed to the lower electrolyte
ion transfer resistance, as confirmed by results of EIS.
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—PP10
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Fig 7. Electrochemical performance based on GCD test of PAN/PVDF membranes

Table 5 shows the gravimetric capacitance, energy density, and power density of
supercapacitor with PAN/PVDF membranes. The optimum gravimetric capacity value is
observed in PP6, reaching 53.36 F/g. Thinner membranes (PP2 and PP6) obtained
gravimetric capacitance values of 45.79 F/g and 45.85 F/g, while thicker membranes (PP8
and PP10) obtained gravimetric capacitance values of 43.05 F/g and 41.27 F/g. The thicker
PAN/PVDF separator membrane gets a lower gravimetric capacitance value when compared
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to the membrane with a thinner thickness. This is in accordance with the theory that the size
of the separator thickness should be ideal so as to get the maximum gravimetric capacity
value [47]. A thicker separator makes too much active material not directly adjacent to the
electrolyte, so that the electrochemical intensity and capacity of the supercapacitor will
decrease. Conversely, if the separation membrane is too thin, the performance of the
supercapacitor will decrease and cause a short circuit [48].

Table 5. Energy discharge of PAN/PVDF membranes

Sample Cg (F.gh E (Whkg") P (Wkg"
PP2 45.79 0.53 32.96
PP4 45.85 0.95 35.57
PP6 53.36 0.94 37.97
PP8 43.05 0.75 36.84
PP10 41.27 0.60 37.05

Whatman 45.24 091 44.34
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Fig 8. Capacity retention of PP6

Table 6. Comparison of capacitance values with previous studies

Separator Electrode Electrolyte Thickness (nm) Cg (F/g) Reference
PE MnO, K2SO4 2 x10° 432 [19]
PE MnO; K>S0q4 35 x 10° 3.68 [19]
PVDF AC-PTFE-CB EtsNBF4 - 39.50 [49]
PAN/PVDF 20% AC-CB Et;NBF, 0.0759 x 10° 53.36 This work

The capacity retention of the PP6 sample is shown in Figure 8. The capacity retention
obtained is 88.96% after being tested for 500 cycles. It shows that the PP6 sample with a
thickness of 75.91 x 10° nm has good resistance and shows that the membrane works
efficiently as a separator in supercapacitors. Table 6 shows the comparison of gravimetric
capacitance values in this study with previous studies using polymers. Among all the studies
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in Table 6, the gravimetric capacitance in this study remains higher. That indicates that the
PAN/PVDF separator was successfully applied in supercapacitor.

IV. Conclusions

This study concluded that the PAN/PVDF composite was successfully carried out,
indicated by the presence of typical peaks of PAN and PVDF in the results of the composite
IR spectrum at wave numbers 2243.21 cm™ and 881 cm™ as C=N nitrile group stretching
vibration and C-F stretching vibration. The absorbance seen in the graph shows a higher
value when the thickness increases. The morphology of the nanofibers obtained did not show
any beads in all variations, with fiber diameter in the range of 319.7 — 339.95 nm, and pore
size obtained ranged from 94.496 to 537.96 nm, where the thicker the membrane, the smaller
the pore size produced. The measurement of optimum electrolyte uptake ability in the PP6
sample is 318.18%. Electrochemical performance shows the results of GCD characterization
on PP6 samples produce optimum results of 53.36 F/g with a capacity retention of 88.96%
after 500 cycles. The CV test results show that the largest curve area is shown in sample
PP6, and from the EIS test, the optimum ion conductivity value was obtained in the PP6
sample of 54 x 10 S/cm. The electrochemical performance results showed that the PP6
sample with a thickness of 75.91 x 10° nm had the most optimum value when compared to
other samples and the Whatman commercial separator. Separator must also have good
electrolyte uptake ability. Membranes with the highest electrolyte uptake ability can increase
the ionic conductivity, thereby facilitating the rapid transport of ions in supercapacitors, and
can increase the specific capacitance value. This research implies that PAN/PVDF
membrane with a thickness of 75.91 x 10° nm is potential for use in supercapacitor
applications. The optimized thickness separator membrane has the potential to be applied in
supercapacitors that require high stability, such as energy storage devices for electric
vehicles, large-scale energy storage systems, or flexible electronic devices. However, the
thickness variation in this study was achieved by layering the membrane rather than by
adjusting electrospinning parameters. Therefore, further research needs to systematically
control the membrane thickness through electrospinning process parameters for improved
consistency and scalability.
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