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ABSTRACT

Carbon materials with various structures have been
investigated for use as electrode materials in
supercapacitor devices. Therefore, this study aims
to investigate the electrochemical performance of
activated carbon nanofibers (ACNF) as a carbon
electrode for supercapacitor applications in different
aqueous electrolytes. Acidic (1M H,SQ,), neutral
(1M Na,S0Qy), and alkaline (LM KOH) electrolytes
were used to investigate the electrochemical
performance of the ACNF electrode. The morphology
and elemental composition of the ACNF were studied
using a scanning electron microscope (SEM) and
energy dispersive X-ray spectroscopy (EDS).
Furthermore, the Brunauer Emmet Teller (BET)
and X-ray diffraction (XRD) were used to investigate
the texture and structure of ACNF. The ACNF has
fibers of diameter ranging from 45 nm to 56 nm.
The ACNF has a high specific capacitance as well
as a high energy density. Hence, the optimized
aqueous electrolyte for the ACNF-based carbon
electrode in the supercapacitor was determined to
be in 1M H,SO,4, with a specific capacitance of
214 F g when compared to commonly used neutral
(IM Na,SO,4) and alkaline (1M KOH) electrolytes.
This discovery is expected to boost the development
of electrode materials for supercapacitor devices.
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1. INTRODUCTION

There has been continuous depletion of natural
energy  resources, drastic climate change,
environmental concern, and rising energy
consumption. Furthermore, over the last few
decades, the research community has been
challenged to discover and develop clean, green,
renewable, environmentally friendly, and promising
energy storage devices. The development of these
devices is shifting toward renewable energy sources
such as solar, hydro, and wind [1-5]. However,
these resources make it difficult to meet the ever-
increasing demand for energy in this decade. Due
to their high power density [6, 7], fast charge/
discharge rate [7, 8], long life cycle [9-11] and rapid
charge propagation dynamics [12, 13], supercapacitor
(SC) is one of the most promising alternative energy
storage devices. The electrolyte and electrode
materials have a strong influence on the specific
capacitance of SCs. Due to an electric double
layer formed at the electrode/electrolyte interface,
electrolyte compatibility with the electrode material
is also important in the development [14]. In terms
of cost, lifetime, low internal resistance, non-
flammability, and toxicity, aqueous electrolytes
are preferable to organic types for SC applications.
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This is because the ion size compatibility with
pore size, charge transfer resistance, and electrolyte
ionic mobility is the major driving parameter for
improved performance. Therefore, an understanding
of electrode-electrolyte interaction is critical.

The other determining factor for supercapacitor
electrochemical performance is the electrolyte
[15]. Although solid/quasi-solid electrolytes can
effectively prevent liquid electrolyte leakage during
service, their application has been limited due to
their low ionic conductivity, which limits the quick
charging/discharging ability of supercapacitors [16].
Organic electrolytes, including ionic liquids, can
work at higher voltages in liquids despite having
low ionic conductivity and a high cost. Also, agueous
electrolytes are preferable to organic for SC
applications in terms of cost, lifetime, low internal
resistance, non-flammability, and toxicity.
Furthermore, they can provide high capacitance
and conductivity with a higher magnitude of ionic
conductivity than organic electrolytes. Despite a
limited potential window, they have been widely
used in supercapacitor research and development
[17].

Carbon materials with different structure like activated
carbon (AC) [18-21], carbon nanofibers (CNFs)
[22-25], carbon nanotubes (CNT) [26, 27], graphene
[28, 29], and others have been studied as SC
electrode materials. Carbon nanofibers have piqued
the interest of researchers due to their unique
chemical and physical properties, thermal stability,
and ultra-high specific surface area, depending on
their size and shape. The CNFs typically have
diameters ranging from 10 to 500 nm and lengths
ranging from 0.5 to 200 m. Also, increasing the
surface area of carbon nanofibers is a critical
approach to improving electrode performance. In
this context, two main methods were used, namely
(i) thermal etching with a chemical reagent or a
gaseous atmosphere and (ii) blending with various
polymers precursor.

In this study, the synthesis of activated carbon
nanofibers (ACNF) made from a combination of
fibrous and non-fibrous components of pineapple
leaf, as well as their applications as electrode
materials for SC devices is described. In general,
polymer precursors such as polyacrylonitrile (PAN)
[25, 30], polyimide [30], polymethyl methacrylate
(PMMA) [31], polyvinylalcohol (PVA) [32, 33],

polyvinylidene fluoride (PVDF)/Polyacrylonitrile
(PAN) [34] etc. are used to synthesize carbon
nanofibers. The synthesis of activated CNFs without
the use of these materials was investigated. Many
studies on the synthesis of carbon nanofibers from
biomass have been published. For example, Taer
et al. (2018) successfully synthesized CNFs from
water chesnut and achieved specific capacitance
of 130 F g* [35]. Meanwhile, Taer et al. (2020)
obtained the specific capacitance of 113 F g™ for
the carbon nanofiber made from Acacia leaf [36].
In addition, Taer et al. (2021) reported a simple
method for the synthesis of carbon nanofibers
derived from pineapple leaf fibers and obtained a
specific capacitance of 191 F g™ with a surface
area of 945 m? g™ [37]. Therefore, this study aims
to investigate the effects of various aqueous
electrolytes on the SC electrode performance. The
electrochemical performance of the ACNF is
presented. ACNFs have a high specific surface
area of 1078 m® g** and a high optimum specific
capacitance of 214 F g™,

2. EXPERIMENTS AND METHODS

2.1. Sample preparation

The fibrous and non-fibrous components of pineapple
leaf were used as raw materials. The processing of
raw materials was according to previously reported
work [37]. Potassium hydroxide was used as a
chemical reagent to produce activated carbon
nanofibers. The carbonization was conducted using
N, at a temperature of 600 °C followed by CO,
activation at 850 °C for 2.5 h with a heating rate
of 10 °C min™; this process was according to
previously reported work [37-39]. Finally, to
remove the activating agent and impurities, the
activated carbon was washed using distilled water
until pH is neutral and dried at 110 °C for 48 h.

2.2. Material characterization

SEM and EDS were used to examine the morphology
and elemental compositions of activated carbon
nanofibers (JEOL-JSM 6510LA). The X-ray
diffraction pattern was observed using an X-ray
diffractometer (XRD, Shimadzu 7000) with a
CuKa light source at 0.154 nm. Furthermore, the
textural structures of activated carbon nanofibers
(ACNF) were studied using nitrogen gas adsorption/
desorption and measured at -196 °C with a
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Quantachrome TouchWin V.1.2 instrument. The
BET and BJH methods were used to calculate and
evaluate the sample’s specific surface area and
pore size distributions.

2.3. Electrochemical characterization

Cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) methods were used to
examine the electrochemical performance of the
electrode. The CV and GCD measurements were
performed in different electrolyte solution i.e.
acidic (IM H,SQy4), neutral (1M Na,SO,4), and
alkaline (1M KOH) electrolytes using a two-
electrode configuration. During the measurement,
the voltage window range was set at 0-1 V and at
scan rates of 1 mV s™. The specific capacitance of
the ACNF was calculated by the equation:

_ 2IxAt

¥ AVXM
where | = discharge current, At = discharge time,
AV = voltage, and m = electrode mass. The energy

density (E) and power density (P) were obtained
following the equations:
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where E = energy density, P = power density, C =
specific capacitance, V = voltage, At = discharge time.
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3. RESULTS AND DISCUSSION

3.1. Physical property analysis

Figure 1 shows the SEM image and EDS spectrum
of the ACNF sample. The surface morphology
of the ACNF is displayed in Figure 1la.
Morphologically, the fibers appeared uniform and
were interconnected with one another. lon transfer
within the carbon matrix was facilitated by the
form of an interconnected porous structure. The
inter-fiber connection affected the electrode
performance in carbon electrodes with nanofiber
structures. This was due to the inter-fiber
connection that shortens the charge transport route
within the carbon electrode network, improves
charge transfer efficiency, and lowers the internal
resistance [25]. The fibers had a diameter in the
range of 45-156 nm. Figure 1b displays the EDS
spectrum of the ACNF sample. The elemental
composition of the ACNF sample includes carbon
(91.26 %), oxygen (5.79 %), magnesium (1.62 %),
potassium (0.53 %), and calcium (0.83 %).

The XRD patterns of the ACNF (Figure 2) showed
two wide peaks at angles of 23° and 43°
corresponding to the 002 and 100 planes. The 002
plane reflected the graphite structure of the ACNF
[40], whereas the 100 plane indicates an
amorphous structure of the electrode [41-43]. The
interlayer distance (dgo2) and graphite crystalline
thickness (Looz) based on XRD data were calculated,
being 0.372 nm and 0.49 nm, respectively.
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Figure 1. (a) SEM micrograph and (b) EDS spectrum of the ACNF sample.
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Figure 3 shows the adsorption-desorption of N,
gas at -196 °C, as well as the pore size distributions.
As seen, the ACNF sample (Figure 3a) exhibited a
type IV isotherm, indicating that it contains
mesoporous materials. This was due to a hysteresis
loop caused by capillary condensation in the
mesopores. The existence of hysteresis loops at
relative pressures (P/Po) ranging from 0.45 to 0.9
atm revealed the presence of mesopores [44, 45].
Furthermore, small tails were found in the ACNF
isotherms at relative pressures close to 1.0 atm,
indicating the presence of macropores in the
ACNF sample [28, 46]. The specific surface area
of the ACNF sample was 1078 m? g, which was
much higher than that of PALF electrode as per a
previous report (945 m? g?). The physical and

100

Intensity (a.u)

Ll od LI B LI

————
S 30 35 40 45 50 55
20 ()

60

Figure 2. XRD pattern of the ACNF sample.

—a— Adsorption
—e— Desorption

(a)

1) —
00 01 02 03 04 05 06 0.7 08 09 1.0
P/P, (atm)

chemical properties of the precursor and the
processing parameters including activated conditions
such as activation temperature [47, 48], activating
agent [48, 49], and molarities of activating agent
can result in increased surface area. Also, volume
total and average pore radius of the ACNF sample
(Figure 3b) were 0.579 cm® g* and 1,075 nm,
respectively. With the average pore radius of
1.075 nm, ion migration and diffusion can be
facilitated, thereby improving the electrochemical
performance of the ACNF sample [50].

3.2 Electrochemical performance

Cyclic voltammetry (CV) and GCD measurements
were carried out in different agueous electrolytes,
namely 1M H,SO,, 1M Na,SO,4, and 1M KOH.
Based on the aqueous electrolyte, the ACNF
electrode was denoted as ACNF-1, ACNF-2, and
ACNEF-3, respectively. During the CV and GCD
measurement, the ACNF sample was polished into 8
mm in diameter and 0.2 mm in thickness. The
ACNF sample was formed into electrodes and
their electrochemical performance in symmetrical
cells was evaluated. Figure 4 shows a comparison
of the CV curves of ACNF-1, ACNF-2, and
ACNE-3 at a scan rate of 1 mV s. Therefore, all
of the ACNF electrode CV curves were ideally
rectangular-shaped curves without any visible
redox peaks. Based on this test, it was predicted
that ACNF-1 would have the best electrochemical
performance of the three aqueous electrolytes.

Figure 5a shows the GCD curves for ACNF-1,
ACNF-2, and ACNF-3. The electric double layer
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Figure 3. (a) N, adsorption/desorption and (b) pore size distributions of the ACNF sample.
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Figure 4. Cyclic voltammogram of the ACNF samples.
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Figure 5. Galvanostatic charge/discharge (a) and Ragone plot (b) of the ACNF samples.

charge/discharge mechanism was confirmed by
the linear and symmetrical charge/discharge
characteristics of ACNF-1, ACNF-2, and ACNF-3.
Also, the galvanostatic charge-discharge profile
did not show any pseudocapacitance. ACNF-1,
ACNF-2, and ACNF-3 had IR drop values of
0.039 mQ, 0.062 me, and 0.071 mQ, respectively.
According to the CV data, the specific capacitance
of ACNF was 214 F g* for ACNF-1, 196 F g* for
ACNF-2, and 173 F g* for ACNF-3. Figure 5b
shows the energy density as a function power
density of the ACNF displayed in Ragone plots
based on GCD curves. It can then be seen that the
ACNF-1 can reach a maximum energy density of

10.34 Wh kg™, which was higher than the 8.62
Wh kg of ACNF-2 and 9.37 Wh kg™ of ACNF-3.
All the electrochemical performance of ACNF
demonstrated that ACNF material produces an
excellent electrode that works well in different
aqueous electrolytes. The better electrochemical
performance of ACNF in 1M H,SO, than in 1M
Na,SO, and 1M KOH may indicate a good ion
diffusion in the electrode layer of H* and S0~
ions during the charge/discharge process. Furthermore,
differences in electrochemical performance in
different electrolytes can be attributed to ion
permeability into the active matrix [51]. Accessibility
into the matrix varied with hydrated radius, ionic
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Table 1. The specific capacitances (Cy,) of the ACNF compared to previously reported activated carbon

nanofibers.
. Electrochemical Csp
Materials Electrolyte test F o) References
Mesoporous rlbbon—shgped graphitic 6M KOH GCD 298 [22]
carbon nanofibers
Polyacrylonitrile (PAN) and novolac oM KOH GCD 394 [25]
(NOC)
Nanostructural carbon nanofibers 2M KOH GCD 210 [31]
Water chesnut 1M H,S0O, Ccv 130 [35]
Acacia leaf 1M H,SO, Ccv 113 [36]
Pineapple leaf fibers 1M H,S0O, Ccv 191 [37]
PAN fibers lonic liquid GCD 148 [57]
. . 1M H,SO, 214
Fibrous and nci):eglbr:)eulsez?mponents of 1M Na,S0, GCD 196 This work
pineapp 1M KOH 173

mobility, and molar ionic conductivity [52]. The
hydrated radius of H*, K', and Na' in the
electrolytes H,SO,4, KOH, and Na,SO, were 0.28
nm, 0.331 nm, and 35.8 nm, respectively [53, 54].
Furthermore, the ionic conductivities of H+ in
H,SO,, K" in KOH, and Na* in Na,SO, were
350.1 S cm® mol™, 73.5 S cm® mol™, and 50.11 S
cm® mol™?, respectively [55, 56]. The H,SO,
electrolyte solution produced the highest specific
capacitance of the ACNF due to its lower cationic
radius, higher ionic mobility, and higher ionic
conductivity. The optimum specific capacitance
obtained from ACNF-2 was 214 F g™ at current
1.0 A. These specific capacitances of the ACNF
are well within the range of previously reported
activated carbon nanofibers, which are listed in
Table 1.

4. CONCLUSION

In summary, aqueous electrolytes with different
properties, i.e, acidic (1M H,SO,), neutral (1M
Na,SO,4), and alkaline (1M KOH) were used to
investigate the electrochemical performance of the
ACNF-based carbon electrode in supercapacitor
devices. According to SEM micrographs, the ACNF
has fibers of diameter ranging from 45 to 156 nm.
Furthermore, the 1M H,SQO, electrolyte was found
to have better electrochemical performance for the
ACNF-based carbon electrode, with a higher
specific capacitance of 214 F g™ compared to the

neutral and alkaline electrolytes. In addition, the
practical effect of an acidic electrolyte (1M H,SO,)
on the ACNF-based carbon electrode demonstrated
a high specific capacitance and energy density.
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