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Abstract: Supercapacitors have attracted attention as efficient energy storage systems owing to their
high power density and cycling stability. The use of appropriate electrode materials is important for
high-performance supercapacitors, and various carbon materials have been studied as supercapacitor
electrodes. In this study, carbon nanofibers with high specific surface areas were fabricated via
a simple electrospinning process. Carbon nanofibers were fabricated by adjusting the ratio of
polyacrylonitrile (PAN) to bisphenol A (BPA) and evaluated as electrode materials for supercapacitors.
With the addition of BPA, improved specific surface area and oxygen functional groups were observed
compared with nanofibers using only PAN. Therefore, BPA3, which had the highest specific surface
area, exhibited a 28% improvement in capacitance (162 F/g) compared with BPAQ fabricated using
only PAN. Carbon nanofibers fabricated by adjusting the ratio of BPA to PAN are promising electrodes
for supercapacitors owing to their high capacitance and stability.

Keywords: blending solution; carbon nanofibers; electrospinning; oxygen functional group;
supercapacitor

1. Introduction

Eco-friendly energy is attracting attention to solve environmental problems of concern.
Energy produced from eco-friendly energy has low efficiency if it is not used immedi-
ately [1-3]. Therefore, to utilize energy efficiently, the development of technologies for
converting and storing the produced energy is important [4,5]. To store electrical energy,
electrochemical devices such as lithium-ion batteries and supercapacitors are used as energy
storage systems [6]. Among them, supercapacitors are attracting attention in application
fields such as transportation, home appliances, and energy due to their high power density,
long cycle life, fast charge/discharge characteristics, and environmental friendliness [7-10].

Depending on the charge storage/release mechanism, supercapacitors are classified
into pseudocapacitors (PCs), which store charges using the Faraday reaction, and electro-
chemical double-layer capacitors (EDLCs), which store charges due to the electric double
layer at the interface between the electrode and electrolyte [11-13]. PCs mostly exhibit
higher capacitance than EDLCs but have the disadvantages of low cycle stability and
large internal resistance due to metal oxide electrodes [14-16]. On the other hand, EDLCs
mainly use carbon materials such as carbon nanotubes [17-19], graphene [20-22], activated
carbon [23-25], and carbon nanofibers [26-29], and are attracting attention as a promising
energy storage device due to their advantages such as high energy efficiency, excellent
cycle stability, nontoxicity of the material, and low cost [30,31] (Table 1).

The performance of EDLCs is influenced by the properties of the electrode material, such
as active specific surface area, porosity, and surface functional groups, and many researchers
are focusing on developing carbon electrode materials with these properties [22,32-34]. Among
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carbon materials, carbon nanofibers fabricated via electrospinning are reported to be promising
as supercapacitor electrodes due to their chemical stability, porous structure, and low processing
costs [35,36]. Currently, carbon nanofibers fabricated using polyacrylonitrile (PAN) carbon precur-
sors are widely used due to their high carbon yield and electrospinning efficiency, but their dense
structure and low specific surface area result in low capacitor performance [37-39]. Therefore, to
improve the low performance of carbon nanofibers, much research is being conducted to improve
the pore size and porosity properties of carbon nanofibers by performing an activation process or
blending them with other carbon precursor polymers [40—42].

Bisphenol A (BPA) is used in the production of carbon materials and is known to
contribute to the activation process and improve specific surface area and pore proper-
ties [43]. In addition, the ring structure and oxygen functional group of BPA have structural
properties that allow them to interact with other carbon materials, so they are adsorbed
on the ends or planes of carbon materials and contribute to changes in the properties
of blended carbon materials, making them suitable as polymers for producing carbon
nanofibers [44,45]. Carbon nanofibers fabricated from these blended polymers affect their
shape and pore properties due to thermal stability and chemical interactions between
the blending solutions during the heat treatment process [46]. Additionally, it has the
advantage of contributing to improving capacitor performance by changing its properties
due to physical interactions such as dissolution, rearrangement, and swelling [47].

In this study, carbon nanofibers were fabricated via electrospinning using a blended
solution of PAN and BPA. The properties of the carbon nanofibers prepared by adjusting
the BPA ratio were confirmed, and their capacitor performance was evaluated using them
as electrodes for EDLCs. The blended fiber with BPA had a higher specific surface area
than that of the carbon nanofiber using only PAN, and the micropores and mesopores were
well developed. BPAS5 formed beads because of its low viscosity, confirming that BPA3
was the optimal BPA blending ratio. BPA3 exhibited excellent electrochemical performance
with many oxygen functional groups, a high specific surface area, and high capacitance.
In addition, excellent stability was confirmed owing to a low reduction rate of 3.2%, even
after 2000 cycles, indicating that BPA3 is promising as a supercapacitor electrode.

Table 1. Comparison of capacitance of various carbon materials as electrodes.

Material Electrolyte C (F/g) Cycle Stability Ref.

Carbon nanotubes 6 M KOH (ag.) 56.04 85.4% (10,000 cycle) [48]

Graphene 6 M KOH (ag.) 180 79.6% (4000 cycle) [49]

Activated carbon PVA/IL/H3POy (s) 106 95% (3000 cycle) [50]

Carbon nanofibers 2 M KOH (aq.) 155 91% (5000 cycle) [51]
BPA3 6 M KOH (ag.) 176 96.8% (2000 cycle) This work

2. Experimental
2.1. Materials

PAN (M, = 150,000) was obtained from Sigma-Aldrich (St. Louis, MO, USA) and BPA
(98%) was purchased from Samchun (Pyeongtaek, Republic of Korea). N,N-Dimethylformamide
(DME, 99.5%) was purchased from Daejung (Siheung, Republic of Korea).

2.2. Preparation of Carbon Nanofibers via Electrospinning

The 10 wt.% PAN and 10 wt.% BPA solutions were prepared using DMF as a solvent
and stirred in an oil bath for 10 h. Afterwards, the dissolved solution was blended with
PAN/BPA in wt.% ratios of 10:0, 9:1, 7:3, and 5:5. After sufficient stirring, carbon nanofibers
were fabricated via electrospinning. Electrospinning was performed under the same
conditions: an applied voltage of 20 kV, a tip/collector distance of 18 cm, and a solution
supply rate of 1 mL/h. The fabricated nanofibers went through a stabilization process in
an air atmosphere at 250 °C for 1 h (heating rate: 1 °C/min). The stabilized fibers were
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carbonized for 2 h by heating to 800 °C at a heating rate of 200 °C/h in N, atmosphere and
were activated by supplying CO; at 800 °C for 1 h.

Carbon nanofibers fabricated from a PAN/BPA blended solution were named BPAO,
BPA1, BPA3, and BPA5, depending on the BPA content.

2.3. Characterization

The crystal structures of the fabricated carbon nanofibers were evaluated by X-ray
diffraction (XRD, MiniFlex 600, Rigaku, Japan). XRD analysis was performed in the range of
10-80° using Cu-K« radiation in the 2-theta range. The morphology of the carbon nanofibers
was observed by field-emission scanning electron microscopy (FE-SEM, 5-4800, Hitachi,
Japan). The Brunauer-Emmett-Teller equation (BELSORP-mini II, MicrotracBEL, Osaka,
Japan) was used to determine the specific surface area, pore size, and pore volume from the
N, adsorption/desorption isotherms measured at 77 K. The chemical components of the
samples were determined using X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250, Thermo Fisher, Waltham, MA, USA). XPS measurement was analyzed via the binding
energy of C 1s using Al-K« radiation. The thermal decomposition-related properties of
the samples were analyzed by thermogravimetric analysis (TGA, TGA 8000, PerkinElmer,
Waltham, MA, USA) in the range of 30-1000 °C (10 °C/min) in a N, atmosphere.

2.4. Electrochemical Test

Galvanostatic charge/discharge (GCD) measurements and electrochemical impedance
spectroscopy (EIS) were conducted using a battery testing system (BCS-815, Bio-logic,
Gottingen, Germany) to analyze the electrochemical performance. The synthesized carbon
nanofiber web was used as an electrode without binder, the electrode area was 1 cm?, and
the average mass of the loaded carbon nanofiber web was 1.2 mg. The electrochemical per-
formance was evaluated by placing a nanofiber web electrode on a nickel foil as the current
collector. Electrochemical evaluation was performed in 6 M KOH aqueous solution, and
GCD was measured in the voltage range of 0-0.9 V at a current density of 1 mA /cm?. EIS
was performed in the frequency range of 10-100 kHz. The cell capacitance was calculated
using the following equation:

C=(I-At)/(m- AV)

where C (F/g) is the specific capacitance, I (mA) is the discharge current, At (s) is the
discharging time, m is the mass of the electrode web, and AV is the discharging voltage.

3. Results and Discussion

Figure 1 shows the crystal structure of the nanofibers fabricated via electrospinning.
All carbon nanofibers exhibit a broad and weak amorphous carbon peak in the range
of 20-28°. The XRD pattern located at 20-28° corresponds to the (002) crystal plane
of turbostratic carbonaceous substances, and pure carbon nanofibers are confirmed to
be synthesized without any impurities [52]. Through the XRD analysis, no significant
differences were observed with the increasing BPA ratio. However, as the BPA ratio
increases, the viscosity of the blending solution decreases, indicating a slight broadening of
the amorphous peak.

Figure 2 shows the morphology of the blended fibers fabricated using FE-SEM anal-
ysis. The diameters of the electrospun fibers range from 400 to 1000 nm with an average
diameter of 900 nm (Figure 2a—-d). Samples other than the BPA5 sample do not contain
beads; however, in the case of BPA5, irregularly shaped fibers and beads are observed
(Figure 2d). Beads are visible because the viscosity of the blending solution used for elec-
trospinning decreases as the BPA ratio increases. In low-viscosity solutions under the same
electrospinning conditions, a bead structure is formed at the tip owing to low molecular
attraction. The formed bead-shaped jet moves to the collector without breaking, resulting
in the presence of beads in the fibers [53,54]. Figure 2e-h show the SEM images of the
activated carbon nanofibers according to the BPA ratio. The diameters of the activated
fibers range from 150 to 700 nm, with an average diameter of 250 nm. BPAO using only
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PAN shows a smooth surface; however, the samples, except BPAO, show rough surfaces
with bends and wrinkles. These surface properties result from physical processes, such as
swelling, shrinking, and dissolution, that occur between the PAN and BPA layers during
activation [55].
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Figure 1. XRD patterns of BPAO, BPA1, BPA3, and BPAS5.

Figure 2. FE-SEM images of electrospun fiber (a) BPAO, (b) BPA1, (c) BPA3, and (d) BPA5; and of
activated fiber (e) BPAOQ, (f) BPA1, (g) BPA3, and (h) BPAS5.

To confirm the specific surface areas and pore properties of the blended fibers accord-
ing to the BPA ratio, nitrogen adsorption/desorption isotherms were plotted (Figure 3).
As shown in Figure 3a, BPAO used only with PAN shows a sharp increase at a relatively
low pressure with a type I curve, indicating micropore development. However, except
for BPAQ, BPA1, BPA3, and BPAS exhibit type-1V curves, indicating the development of
micropores and mesopores. The specific surface areas of BPAQO, BPA1, BPA3, and BPA5
are 761, 875, 1053, and 924 m?/ g, respectively. As shown in Table 2, which summarizes
the specific surface area and pore properties, the specific surface area and pore volume
increase in proportion to the BPA ratio. However, BPA5 has a lower specific surface area
and smaller pore volume compared with BPA3 owing to its bead structure. Additionally,
BPA1, BPA3, and BPA5 containing BPA exhibit higher specific surface area values than
BPAO. Figure 3b shows the pore-size distributions of the samples according to the BJH
method. BPAO shows well-developed micropores with diameters of 3 nm or less, and all the
samples containing BPA show well-developed micropores and mesopores in the diameter
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range of 2-50 nm. This confirms that changes occur between the PAN and BPA layers
during the activation process following the addition of BPA, affecting the specific surface
area and pore development.
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Figure 3. (a) Nitrogen adsorption/desorption isotherms of samples at 77 K, (b) Barrett-Joyner-
Halenda (BJH) pore distribution.

Table 2. The summary of specific surface area and pore properties of samples.

Specific Surface Total Pore Mean Pore

Sample Area Volume Diameter
[m?/g] [em3/g] [nm]
BPAO 761 0.368 212
BPA1 875 0.399 2.22
BPA3 1053 0.498 3.65
BPA5 924 0.435 2.57

TGA was performed to determine the thermal stability characteristics (Figure 4).
To measure the change in weight while the sample was decomposed, according to the
temperature when heat was applied, TGA analysis was performed in a N, atmosphere to
prevent oxidation due to the reaction with O,. As shown in Figure 4, weight loss for all
samples begins around 300-400 °C. Subsequently, the weight of the sample decreases, and
the residual ratios of BPAO, BPA1, BPA3, and BPAS are 32, 41, 42, and 20%, respectively.
Thus, it is confirmed that BPA1 and BPA3 have similar thermal stability characteristics and
their residual contents are higher than that of BPAQ, indicating that the ring structure of
BPA contributes to the blended fiber between PAN and BPA. However, BPA5 is less stable
during heat treatment than BPAO, which indicates that the BPA content is considerably high
and that as the temperature increases, BPA decomposes thermally and does not contribute
to the blended fiber between PAN and BPA.

XPS was performed to confirm the elemental composition of the sample surface after
the addition of BPA. Table 3 shows the surface atomic percentages of the samples calculated
using the XPS measurements. As the BPA ratio increases, the carbon and nitrogen contents
decrease, whereas the oxygen content increases. This is because the atomic percentage of
oxygen increases with the BPA content owing to the presence of oxygen in BPA. Figure 5
shows the C 1s spectrum of the carbon nanofibers with the addition of BPA. In the C 1s
spectra shown in Figure 5a—d, C=C, C—C or C-N, and C-O or C-OH bonds appear at
approximately 284.5, 285.8, and 287.5 eV, respectively. A slight shift is observed in the
measured peaks for each sample. The C-C/C-O ratios of BPA(Q, BPA1, BPA3, and BPAS5 are
1.84,1.28, 1.08, and 1.54, respectively. For BPA1 and BPA3, the C—C/C-O ratio decreases
as the BPA ratio increases, which is consistent with the contribution of BPA having a ring
structure and oxygen functional groups between the PAN layers, as confirmed by the TGA
curve. However, in the case of BPA5, the C—C/C-O ratio increases compared with those
of BPA1 and BPA3. As confirmed by the TGA analysis, BPA5 has a high BPA content,
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which is consistent with the fact that BPA is decomposed during carbonization, and the
oxygen functional group and ring structure are unable to contribute between the PAN
layers, thereby reducing the residual carbon content. Additionally, a wettability test based
on the presence of oxygen functional groups, by measuring the contact angle, is presented
in the Supporting Data. As shown in Figure S1, BPAO, BPA1, BPA3, and BPA5 exhibit
contact angles of 28.2, 25.6, 22.6, and 31.5°, respectively. The wettability is proportional to
the ratio of oxygen functional groups, and BPA3 exhibits good wettability. In addition, the
presence of these oxygen functional groups increases the wettability between the electrode
and the electrolyte and is suggested to be a factor that increases the capacitance [56].
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Figure 4. TGA curves of BPAO, BPA1, BPA3, and BPAS5.
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Figure 5. XPS spectra of C 1s of (a) BPAQ, (b) BPA1, (c) BPA3, and (d) BPA5.
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Table 3. Elemental surface composition determined through XPS analysis.
Sample Carbon (at. %) Oxygen (at. %) Nitrogen (at. %)
BPAO 82.29 11.04 6.67
BPA1 81.81 12.64 5.55
BPA3 78.97 16.37 4.66
BPA5 79.98 13.99 6.03

The electrochemical performances of the blended fibers were evaluated using GCD
and EIS analyses (Figure 6). The capacitance of the electrode was evaluated at a constant
current density of 1 mA/ cm? and a constant voltage of 0.9 V. As shown in Figure 6a, as
the BPA ratio increases, the discharge time also increases. The capacitances of BPAO, BPA1,
BPA3, and BPAS5 calculated from the discharge curves (Figure 6a) and measured at a current
density of 1 mA/cm? are 127, 135, 162, and 142 F/g, respectively. It is confirmed that
BPA3 exhibits a high capacitance and improved performance by 28% compared with BPAO
using only PAN. Increases in the average pore diameter, specific surface area, and number
of functional groups promote the formation of an electric double layer and improve the
capacitance. However, BPA5 exhibits a lower capacitance than that of BPA3 because of
its lower specific surface area and pore size owing to the presence of beads. The IR drops
of the samples are shown in Figure 6a. The IR drop values for BPAO, BPA1, BPA3, and
BPAS5 are 0.104, 0.091, 0.045, and 0.064 V, respectively. Among them, BPA3 is associated
with low resistance and high conductivity of the electrode material owing to its low IR
drop [57]. To analyze the changes in the electrical conductivity and resistance depending
on the blended fiber, EIS measurements were performed. As shown in Figure 6b, in the
high-frequency region, a semicircle is observed, which represents the internal resistance
(Rg) and charge transfer resistance (Rct) at the interface between the electrolyte and the
carbon nanofiber web used as the electrode. The sloping curve in the low-frequency region
illustrates the mass transfer at the electrode [58]. Rg values of the samples are similar in
the range of 0.26-0.3 (), and Rct values of BPAO, BPA1, BPA3, and BPAS5 are 1.344, 0.713,
0.244, and 0.436 (2, respectively. BPA3 has the lowest Rg and Rt values of 0.26 and 0.244 (),
respectively. A low Rg indicates a low resistance and high conductivity of the electrode
materials, and a low Ret value occurs because the active interface between the electrode
surface and electrolyte increases owing to improved wettability [59].
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Figure 6. (a) Discharge curve of GCD curve of samples and (b) EIS spectra.

Figure 7a shows the change in the specific capacitance with the current density ranging
from 1 to 10 mA/cm?. As the current density increases, the specific capacitance decreases.
Relatively large hydration ions prevent access to the pore surface at high current densi-
ties, thereby reducing the specific capacitance [60]. The specific capacitance of BPAO at
10 mA /cm? is reduced by approximately 18% compared with that at 1 mA/cm?. However,
the specific capacitance at 10 mA /cm? for BPA3 is approximately 10% lower than that at
1 mA/cm?. To evaluate the stability of the blended fibers as capacitor electrodes, Figure 7b
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shows the change in the specific capacitance according to the number of cycles. For all
samples, the specific capacitance is almost constant as the number of cycles increases to
2000. After 2000 cycles, BPAQO, BPA1, BPA3, and BPAS5 exhibit reduction rates of 4.2, 3.7, 3.2,
and 4.7%, respectively. BPA3 shows the lowest reduction rate and is highly stable in tests
involving charge and discharge cycles. The cycle stability is consistent with the wettability
confirmed through the contact angle test, shown in Figure S1, and shows improved stability
owing to the excellent electrolyte permeability obtained as a result of wettability. Good
cycling stability is an essential element of high-performance supercapacitors. Owing to
its high specific surface area and the presence of oxygen functional groups, the cycling
stability of BPA3 is improved, making it a suitable supercapacitor electrode material.

180 200
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Figure 7. (a) Capacitance according to current density 1-10 mA/ cm? and (b) cycle stability test of
the samples.

4. Conclusions

In this study, PAN and BPA were blended in various proportions and carbon nanofibers
were fabricated via electrospinning. The activated carbon nanofibers were fabricated via
stabilization, carbonization, and activation after electrospinning. Compared with carbon
nanofibers fabricated using only PAN, the BPA-blended fibers exhibited higher specific
surface areas and larger pore volumes owing to processes such as swelling, shrinkage, or
dissolution that occurred between the PAN and BPA layers during the activation process.
However, BPA5 had a lower specific surface area than that of BPA3 owing to the formation
of beads because of its low viscosity owing to the high BPA addition ratio. Additionally,
because of the blending of BPA, the ratio of oxygen to carbon increased owing to the
presence of oxygen functional groups in BPA. BPA3 exhibited a high capacitance of 162 F/g
owing to its high specific surface area, oxygen functional groups, and the development
of micropores and mesopores, which showed a 28% improvement in performance over
that of BPAO using only PAN. In addition, all samples exhibited excellent stability even
after 2000 cycles; however, excellent cycle stability was also confirmed for BPA3, with a
low reduction rate of 3.2%. Therefore, BPA3 is suitable and promising as a supercapacitor
electrode due to its high capacitance and excellent cycle stability, which are required for
supercapacitor electrodes.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/en17071732 /s1, Figure S1: Contact angle images of samples (a) BPAO,
(b) BPA1, (c) BPA3, and (d) BPA5.
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