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Abstract

The limited electrical conductivity and pore utilization of conventional activated-carbon-based electrodes often
restrict the achievable energy density of supercapacitors, especially when electrolyte conditions are not optimally
engineered. This study aims to overcome these limitations by developing a multiwalled carbon nanotubes/activated
carbon (MWCNTSs/AC) composite electrode and systematically elucidating the role of H,SO4 electrolyte concentration
on its electrochemical performance using a three-electrode configuration. The MWCNTs/AC composite was fabricated
via a simple physical-chemical route and deposited on copper foil, while its structural and morphological characteristics
were confirmed by XRD, SEM, and TEM analyses, which demonstrated successful integration of conductive MWCNT
networks within the porous AC matrix. Electrochemical behavior was evaluated by cyclic voltammetry, galvanostatic
charge—discharge, and electrochemical impedance spectroscopy at H,SO4 concentrations of 0.05, 0.1, 0.5, and 1 M to
clarify the correlation between ion availability, charge-transfer resistance, and double-layer formation. Optimized
electrolyte engineering at 1 M H,SOs yielded a high specific capacitance of 528.57 F g1, with an energy density of 436.73
Wh g1, a power density of 391 W g!, and excellent cycling stability of 98.89% after 5,000 cycles, indicating efficient
ion transport and low internal resistance. Compared with previous carbon-based systems, the combined strategy of
tailoring both the MWCNTs/AC composite architecture and electrolyte concentration provides a clear pathway to
simultaneously enhance capacitance, energy density, and durability, highlighting the MWCNTSs/AC electrode as a
promising candidate for high-performance aqueous supercapacitors.
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Introduction

In the modern era, energy storage technology has
become increasingly important, not only for our daily
lives, but also for the sustainable development of human
society. Integrated energy storage and output systems
are needed to store as much energy capacity as possible
for long-term use and to provide sufficient instant
energy when needed [1]. It has been predicted that all
explored fossil fuel resources, including oil, coal, and
natural gas, will be depleted in the coming years, raising

serious concerns about future energy supplies. In
addition, the excessive use of fossil fuels also causes
environmental pollution and contributes to serious
climate change issues, posing a major threat to the
survival and sustainability of human society. Therefore,
the use of renewable and clean energy sources, such as
those derived from the sun, wind, and tides, is urgently
needed. However, all of these sustainable energy
resources are intermittent and fluctuating, increasing the

demand for energy storage [2].
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Among various energy storage technologies,
batteries and supercapacitors are two examples that can
be used in portable electronics, electric vehicles, and
energy reservoir arrangements for green and sustainable
energy  resources. Compared to  batteries,
supercapacitors have high power density (up to 106 kW
kg™"), fast charging and discharging rates (in seconds),
and long-life cycles (> 105 cycles), but they have low
energy density and high self-discharge rates. The
electrochemical performance of supercapacitors
significantly depends on the properties of the electrode
materials, the properties of the electrolyte, and the
concentration of electrolyte ions [3,4].

Activated carbon (AC) is a 3D porous material
with sp? hybridization, and is generally synthesized
from the physical and chemical activation of different
organic precursors [5]. AC can have a very high surface
area (e.g., ~1,000 - 3,000 m? g "), and exhibits low-to-
moderate electronic conductivity. However, AC
electrodes often show limitations at extreme
temperatures and exhibit low electrical conductivity,
which can reduce the energy density and overall
performance of the device. Combining the AC structure
with conductive metal additives, such as black carbon
(BC) or multi-walled carbon nanotubes (MWCNTSs), is
an excellent strategy to overcome some of the
weaknesses exhibited by AC. As a result, charge storage
can be achieved without significant ohmic loss during
electron flow across hierarchically interconnected pore
walls, improving supercapacitor characteristics. In a
study conducted by Wang et al. [6], it was reported that
10% PVDF in the electrode material tested as a binder
had a higher potential compared to concentrations of
12.5%, 7.5%, and 5% across the entire current density
range, which can be attributed to the exceptional
electrochemical activity at a concentration of 10%.

One important factor affecting supercapacitor
performance is the electrolyte. The electrolyte acts as an
electrical conduit between the electrodes. The ionic
conductivity of the electrolyte directly affects the
supercapacitor’s ability to charge and discharge quickly.
Higher conductivity allows for faster ion transport,
which is important for high-power applications. The
electrochemical stability of the electrolyte determines
the voltage window of the supercapacitor. A wider
voltage window allows for higher energy storage,
thereby increasing the energy density of the device. The

size and mobility of ions in the electrolyte can affect the
capacitance and resistance of the supercapacitor.
Smaller ions with higher mobility can access the pores
of the electrode material more easily, leading to higher
capacitance. The viscosity of the electrolyte affects the
rate of ion diffusion. Lower viscosity generally results
in better performance, especially at lower temperatures,
where higher viscosity can inhibit ion movement [7].
Thus, the concentration used in the electrolyte affects
the performance of the supercapacitor. The most
commonly used electrolyte in supercapacitors is sulfuric
acid (H2SO4). H»SOy is preferred due to its high ionic
conductivity and ability to produce high specific
capacitance. Acid electrolytes such as H,SOj offer high
specific capacitance, which is beneficial for storing
more charge. This electrolyte has high ionic
conductivity, which contributes to the high power
density of supercapacitors. Acid electrolytes typically
exhibit low ESR, which is advantageous for reducing
energy loss during operation [8].

In a study conducted by Ishita et al. [9], it was
revealed that H,SO4 as an electrode electrolyte showed
a synergistic increase in charge storage capacity that was
greater than that of Na,SO4 and 1M KOH using porous
carbon nanofiber (PCNF) electrodes in a three-electrode
system. The study on porous electrode systems revealed
that H,SO4 provides an electrocatalytic effect with
reduced redox peak potential and lower charge transfer
resistance, as well as a very high capacitance increase,
due to improved electrode wetting. Improved wetting
results in electrolyte penetration into the electrode
micropores, thereby increasing the electrochemically
active surface area. Increased H>SO4 wetting also causes
damping of self-discharge compared to Na,SOs; and
KOH. The results show that the maximum utilization of
KI potential to increase charge storage is achieved with
H,SOy4 electrolyte compared to KOH or Na;SO4. This
study highlights the importance of electrolyte selection
in electrodes for redox behavior, which has broad
applications in energy storage technology.

Although various in-depth studies have been
conducted on carbon-based supercapacitor electrodes,
the effect of H2SOa electrolyte concentration on the
electrochemical behavior of MWCNT/AC composite
electrodes is still not adequately understood. Previous
studies generally used a single concentration, whereas

this study used a variety of H.SO. electrolyte
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concentrations, namely 1 M, 0.5 M, 0.1 M, and 0.05 M.
There is a lack of systematic correlation between ion
concentration and performance metrics obtained from
CV, GCD, and EIS analyses. In addition, the unique
pore structure and surface chemistry of MWCNT/AC
composites may interact uniquely with varying ionic
environments, but these effects have not been
comprehensively evaluated. As a result, rigorous
comparative assessments across various H.SOa

concentrations are still lacking in the existing literature.

Materials and methods

Chemicals and methods

Multi-walled carbon nanotubes (MWCNTSs) were
purchased from the Nanotechnology Laboratory,
Universitas Diponegoro (Semarang, Indonesia), with a
diameter of less than 10 nm and non-functionalized
surfaces. Activated carbon (AC) was obtained from
Sigma-Aldrich® (St. Louis, MO, USA), with a specific
surface area of 1,000 m?/g and particle size distribution
of approximately 74 pum (15%) and 10 pm (75%).
Polyvinylidene fluoride) (PVDF) and N-methyl-2-
pyrrolidone (NMP, 99.5% purity) were also purchased
from Sigma-Aldrich® (St. Louis, MO, USA). Sulfuric
acid (H2SOs, analytical grade, 98%) was supplied by
Merck® (Darmstadt, Germany).

The structural and morphological characteristics
of the synthesized MWCNTs/AC composite were
analyzed using several techniques. The crystalline
structure of the composite was examined by X-ray
diffraction (XRD, Rigaku D/MAX-2500/PC, Cu Ka
radiation, A = 1.54 A) operated at 40 kV, to determine
the phase composition and degree of crystallinity of the

MWCN1S

|
Deposition material
on top of substrat

carbon-based materials. The surface morphology and
microstructural features of the composite were observed
using scanning electron microscopy (SEM, JEOL JSM-
6510LA), which provided detailed information on the
dispersion of MWCNTs within the activated carbon
matrix and the surface texture of the electrode.

Fabrication of MWCNTSs/AC Electrodes for
Supercapacitor Applications

The MWCNTs/AC composite electrode was
fabricated using the doctor blade technique. The active
material slurry was prepared by mixing multi-walled
carbon nanotubes (MWCNTS), activated carbon (AC),
and polyvinylidene fluoride) (PVDF) binder in a mass
ratio of 45:45:10, with a total mass of 0.1 g for each
batch. Initially, PVDF was dissolved in N-methyl-2-
pyrrolidone (NMP) solvent under magnetic stirring at
300 rpm for 1 h at 25 °C to obtain a homogeneous binder
solution. Subsequently, activated carbon was added and
stirred under the same conditions for another 1 h to
ensure uniform dispersion. Finally, MWCNTs were
introduced into the mixture, and the resulting suspension
was continuously stirred for 24 h at 300 rpm at 25 °C to
obtain a stable and homogeneous black slurry [10].

The homogeneous slurry was then deposited onto
a clean copper foil substrate using a doctor blade with a
micrometer-adjustable film applicator. The coated film
was dried at 80 °C for 3 h to ensure complete solvent
evaporation and proper adhesion between the electrode
layer and the substrate. The foil substrate was cut into
1x1 cm pieces. Figure 1 schematically illustrates the
synthesis and deposition process of the MWCNTs/AC

composite electrode.

Activated Carbon,

. --m.‘ ]

w—

Heating 80 C for 3 hours

Figure 1 Synthesis of MWCNTs/AC composite and deposition on the copper foil as a substrate.
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Electrochemical characterization

The electrochemical properties of  the
MWCNT/AC composite electrodes were investigated
using cyclic voltammetry (CV), galvanostatic charge—
discharge  (GCD),

spectroscopy  (EIS), and retention measurements

electrochemical ~ impedance

performed on a PalmSens4 potentiostat controlled by

the PSTrace BETA 5.10 software. All electrochemical
tests were conducted in aqueous H2SOs electrolytes with

a) _]"

Counter
electrode (Pt)

varying concentrations of 1 M, 0.5 M, 0.01 M, and 0.05
M to evaluate the influence of ion concentration on
electrode performance. A three-electrode configuration
was employed, consisting of the synthesized
MWCNTSs/AC electrode as the working electrode, a
platinum plate as the counter electrode, and an Ag/AgCl
electrode as the reference electrode. Figure 2 shows the

measurement scheme for electrochemical performance.

Ag/ AgCl
refe S:‘nc:‘; electrode

Working electrode

v Fabricated material

Solution

Figure 2 Scheme of measurement with a three-electrode system. (a) measurement models, (b) real-time measurements,

and (c) electrochemical cell components.

CV testing was carried out to analyze the
capacitive behavior and charge storage mechanism of
the electrodes by observing the cyclic curve profile in
the potential range of 0 - 1 V at scan rates of 10, 25, 50,
75, and 100 mV s™' over a potential range of -1.0 to 0.1
V at various concentrations of H.SOas electrolyte
solution of 0.05, 0.1, 0.5, and 1 M. To measure the

specific capacitance after obtaining the CV plot, we can
use the following Egs. (1) - (2):

1 v

Cs = mk(V2-V1) ft=0(V1) i(V)dt (1
A

S = 2mk(AV) (2)
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Cs is the specific capacitance (F/g), m is the mass
of the electrode (g), k is the scan rate of measurement
(V/s), V1 is the first potential where the scan is
forwarded, and V2 is the second potential where the
scan is reversed.

The GCD measurements were performed at
different current densities of 0.5, 1.0, 2.5, 5.0, 7.5, and
10.0 A g to determine the specific capacitance (Cs),
energy density (E), and power density (P) under various
electrolyte concentrations using the following Egs. (3) -

(5):

I XAt

Cs = m XAV 3)
E = CsxAV2 4

T 2x36 @
p = 360(th1§ 5)
where:

’I” is the current (A),

AV’ is a potential window (V),

’At’ is the discharging time (s), and

‘m’ is the weight of the active electrode (g).

EIS analysis was conducted in the frequency range

from 0.1 Hz to 10° Hz to study the internal resistance,
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charge transfer resistance, and ion diffusion behavior of

the electrodes at different electrolyte molarities [11].

Results and discussion

Characterization and data analysis of
MWCNTSs/AC

Figure 3 shows the results of the XRD testing of
MWCNTSs/AC. The XRD analysis of
MWCNTs/Activated Carbon (AC) often shows
diffraction patterns with a main peak around 20 = 25°,
which is a characteristic feature of the (002) crystal
plane of the MWCNTs structure. This peak indicates
parallel stacked graphene layers, indicating a relatively
high degree of crystallinity in the carbon tube walls.
Additionally, other peaks around 43° and 57° are often
associated with the (100) and (101) planes, which
represent the hexagonal crystal structure of carbon, This
is consistent with research conducted by XRD analysis
of MWCNTs/AC, which often shows diffraction
patterns with a main peak around 20 = 25.5°, a
characteristic feature of the (002) crystal plane of the
MWCNTs structure. This peak indicates parallel
stacked graphene layers, indicating a relatively high
degree of crystallinity in the carbon tube walls.
Additionally, other peaks at angles around 43.2° and
56.9° are often associated with the (100) and (101)
planes, which represent the hexagonal crystal structure
of carbon [12].

20

60 80
20

Figure 3 Synthesis of MWCNTs/AC composite and deposition on the copper foil as a substrate.
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Research on MWCNTSs/AC composites shows that
this XRD pattern indicates the presence of a dominant
crystalline carbon phase from MWCNTSs, accompanied
by an amorphous phase from activated carbon, and
shows interactions between components at the
nanoscopic level that can affect the physical and
chemical properties of the material [13]. The sample had
a two-phase structure, and the subjective crystalline
phase and non-crystalline phase could be separated by
the minimum diffraction intensity. The calculation
formula is presented as follows:

Sz

Crystalline (Xc) = S"J x 100% 6)
total

Using these values, the % crystallinity equation
given above can be used to calculate the approximate
crystalline and amorphous content of the sample (14). In
this case, the area under the crystalline peaks was
470.13, and the total area was 3940. The sample had a
crystallinity of 12% (meaning 88%) amorphous

material.

SElI  20kV WD11mm  SS39

Figure 4 Morphology SEM of MWCNTSs/AC.

TEM analysis was used to analyze the internal
shape and size of MWCNTs/AC samples at the
nanometer scale. The TEM analysis results in Figure 5

Electrode surface morphology was obtained by
SEM analysis. The results of surface morphological
images can show a correlation between the structures
formed and the results of electrode electrochemical
analysis. Morphological analysis of the -electrode
surface using SEM in Figure 4 shows the uniform
distribution of MWCNTs within the activated carbon
(AC) matrix. The tubular structure of MWCNTs is
randomly distributed without regular orientation across
the material surface. MWCNTs with diameters ranging
from 1-10 nm can easily penetrate the micrometer-scale
pores of AC. This infiltration of MWCNTs is crucial as
it forms conductive pathways within the AC structure,
thereby enhancing electron conductivity. Research by Li
et al. [15] also shows that the presence of MWCNTs
within the activated carbon matrix functions as an
electron bridge that improves connectivity between
activated carbon particles and reduces internal
resistance, ultimately supporting supercapacitor

performance .

x10,000 1pm

show that the diameter of MWCNTs is less than 20 nm.
The results also show the presence of AC attached to the
MWCNTs.
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Figure 5 TEM analysis of MWCNTs coated AC.

Electrochemical Characterization and Data
Analysis of MWCNTSs/AC

The cyclic voltammetry (CV) graphs shown in
Figures 6(a) - 6(d) illustrate the electrochemical
behavior of the electrode material at different H.SOa
electrolyte concentrations of 0.05 M, 0.5 M, 0.1 M, and
1 M, across a scan rate range of 5 - 100 mV s™'. The CV
curves exhibit a quasi-rectangular shape, indicating
ideal capacitive behavior (double layer), particularly at
higher acid concentrations and lower scan rates. This
suggests that the electrode possesses good charge
storage characteristics and rapid ion transport within the
electroactive material. This study shows that as the

concentration of the electrolyte increases, with the
highest concentration being 1 M H.SOs, the specific
capacitance value of the supercapacitor also increases
due to the increased number of ions available for charge
storage at the electrode, consistent with the research
conducted by Wu et al. [16]. As the H2SOa concentration
increases, the current generated becomes larger, and the
CV curve area becomes wider, indicating an increase in
charge storage capacity. This is due to the increased
number of H* ions in the electrolyte, which supports the
formation of an electric double layer on the electrode
surface, thereby improving ion transfer capability and
energy storage efficiency.
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Figure 6 Cyclic voltammogram scan rate curves of 100 - 5 mV s! and cycle MWCNTSs/AC Scan Rates 100 and 5 mVs
of a three-electrode system in different concentrations of H,SOj electrolyte, a) and b) 1M, c) and d) 0.5 M, e) and f) 0.1

M, g) and h) 0.01 M.
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Figure 7 shows the relationship between the
specific capacitance of the electrode and the variation in
scan rate in a three-electrode system at various
concentrations of H>SO4 electrolyte (1 M, 0.5 M, 0.1 M,
and 0.05 M), which is the result of calculations from Eq.
(2) shown in Table 1. From the research results, as the
scan rate increases, the specific capacitance tends to
decrease for all electrolyte concentrations. This is
because at low scan rates, electrolyte ions have
sufficient time to penetrate the entire electrode surface,
resulting in higher stored charge. Conversely, at high
scan rates, the diffusion of ions into the electrode pores

becomes limited, resulting in a decrease in specific

capacitance [17]. Additionally, the highest specific
capacitance was achieved at an electrolyte concentration
of 1 M, indicating that a greater availability of ions in
the electrolyte solution can enhance the electrode’s
charge storage capacity. At lower electrolyte
concentrations (0.5 M, 0.1 M, and 0.05 M), the specific
capacitance values decrease significantly, indicating
that the limited number of H* ions restricts the
electrode—electrolyte interaction process [18]. These
findings emphasize the importance of optimizing
achieve maximum

electrolyte concentration to

supercapacitor performance.

Specific Capacitance (F g™)

M
—2—05 M
—2—01 M
—2—0.05M

w N
0 20 40 60 80 100

Scan Rate (mV s™)

Figure 7 Specific capacitance at a different scan rate of a three-electrode system in different concentrations of H>SO4

electrolyte.

Table 1 Specific capacitance at a different scan rate of a three-electrode system in different concentrations of H>SO4
electrolyte.

Specific Capacitance (F g™)

Scan Rate (mV s)

1M 0.5M 0.1 M 0.05 M
5 528.57 £ 3.16 342.68 + 3.79 304.97 £ 4.32 274.82 £ 8.28
10 502.31 £2.86 328.89 £3.22 287.48 £ 3.76 295.09 +£7.19
25 480.17 £ 2.34 294.45 £ 2.89 266.54 + 3.09 300.57 £ 5.15
50 393.42 £ 1.76 259.35 £ 2.56 250.75 £2.43 286.55 + 4.64
75 326.47 + 1.28 233.51 £ 1.76 24238 £1.93 273.16 £ 3.33
100 299.68 + 0.66 213.25+1.23 237.21 £ 1.46 24733 £2.70
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The galvanostatic charge-discharge (GCD) curves
shown in figure illustrate the electrochemical
performance of MWCNTSs/AC-based supercapacitor
electrodes at various H2SOa electrolyte concentrations
(1M, 0.5M, 0.1 M, and 0.05 M) and different current
densities (1 - 10 A g!). The GCD curve profiles show
clear differences in capacitance and internal resistance
behavior as a function of electrolyte concentration. At
the highest electrolyte concentration of 1 M H>SOa

(Figure 8(a)), the discharge curve exhibits an almost

a) Lo SO M —_—10 Ag'
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G08 — 25 Ag’
<
2 0,6
4
Z
£ 04
=
2
=
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E‘)l] 8
5o
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w
Z06
=
=
=04
2
2
-
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Time (s)

ideal triangular shape with the longest discharge time
across all current densities, reflecting superior charge
storage capacity and reversibility. The steep slope at
higher current densities indicates better ionic
conductivity and minimal voltage drop (IR drop),
indicating low equivalent series resistance (ESR). This
suggests that the 1 M concentration is the optimal
electrolyte concentration for efficient ion transport and
the formation of an electric double layer, resulting in the
highest specific capacitance at the electrode [19].

b)  Tiso,05m

—10 Ag'

Potential (V vs Ag/AgCl)

T T T T
0 2000 4000 6000 8000
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1,2
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Figure 8 The charge—discharge current density 10-1 A g curves of MWCNTs/AC-based supercapacitor electrode at
different concentrations of HoSOj4 electrolyte: A) 1M, b) 0.5 M, ¢) 0.1 M, and d) 0.01 M.
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Figure 9 (a) Specific capacitance at a different current density; (b) Ragone plot of a three-electrode system in various

concentrations of H,SOj4 electrolyte.

Analysis of Figure 9(a) shows that the specific This study aligns with research conducted by

capacitance of MWOCNTs/AC material decreases Choudhury and Moholkar on the use of MWCNTs,

significantly with increasing current density at various
electrolyte concentrations. The graph in Figure 9(a)
illustrates Table 2. Table 2 presents capacitance values
from a three-electrode system, showing the highest
value of 501.7 F/g at 1 A g in 0.05 M electrolyte,
dropping to 162.07 F/g at 10 A g! in 1 M, confirming
the general behavior of carbon supercapacitors, optimal

performance at wide ion access and diffusion times.

which demonstrated high capacitance up to 217.1 F/g at
4 A g! but significantly lower at higher rates due to
kinetic limitations in ion diffusion and access to the
internal electrode surface area [20]. As the current
increases, ions do not have enough time to penetrate the
electrode pores optimally, resulting in a clear decrease

in capacitance [21,22].
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Figure 10 Stability of MWCNTSs/AC cycles in 1M H>SO4 electrolyte.
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Table 2 Specific capacitance at a different current density of a three-electrode system in various concentrations of HSO4

electrolyte.
Specific Capacitance (F g1)
Current Density W (A g™)

1M 0.5M 0.1 M 0.05M

1 502.57 356.98 356.98 247.33

2.5 455.43 266.50 259.55 2222

5 230.54 207.40 203.87 190.09

7.5 201.93 186.70 162.71 171.32

10 184.84 184.07 150.25 162.07

Table 3 Energy Density at a different current density of a three-electrode system in various concentrations of H>SO4

electrolyte.
Energy Density (W h g1)
Current Density (A g!)

1M 0.5M 0.1 M 0.05M

1 436.73 411.80 403.19 378.74

2.5 378.95 367.19 359.76 295.83

5 307.51 285.76 279.77 259.30

7.5 279.37 257.25 224.64 234.89

10 254.67 255.45 208.26 221.68

Table 4 Power Density at a different current density of a three-electrode system in various concentrations of H»SO4

electrolyte.
Power Density (W h g'1)
Current Density (A g)
1M 0.5M 0.1 M 0.05 M

1 391 391 396 454
2.5 1,245 1,249 1,238 1,218
5 2,490 2,485 2,450 2,485
7.5 3,735 3,739 3,742 3,735
10 4,998 4,995 4,980 4,980

Analysis of the Ragone plot in Figure 9(b),
corresponding to the data in Tables 3 and 4, shows that
the MWCNTs/AC material exhibits a characteristic
trade-off between energy and power density at various
H>SO4 concentrations. At an electrolyte concentration
of 1 M H,SOy, the energy density value remains high
across the entire power density range. This graph aligns

with previous research indicating that increasing

electrolyte concentration improves ion transport
efficiency and reduces internal resistance, thereby
maintaining optimal energy density and power density
even at high currents. At high concentrations, the
electrode consistently combines high energy density and
power density, while at low concentrations,
performance declines due to limitations in the number
of active ions and diffusion effects [10,23,24]. These
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results emphasize the importance of selecting the
appropriate electrolyte concentration to maximize the
performance of carbon-based supercapacitors.

The long-cycle performance of MWCNTSs/AC in
1 M H2SOxs electrolyte was also determined using GCD
analysis. Cycle stability (Figure 10) showed that after
5,000 cycles, there was no significant decrease in
specific capacitance. A high capacitance retention of

EIS MWCNT/AC H,S0, 1 M
a) so
40
30
&)
N 201
10
—@— Cycle 1
—2— Cycle 2
0- ‘ —@—Cyele 3
5 10 15 20 25
YAK(9))
EIS MWCNTs/AC H,80,0.1 M
¢) 200
150
:C-:' 100 1
N
50+
—@— Cycle 1
—@— Cyele 2
0 —@—Cycle 3
25 30 35 40 45 50

7' ()

98.89% was obtained after 5,000 cycles, indicating fast
charging capability and ion transport within the
MWCNTSs/AC electrode. Additionally, the GCD curve
from the first 17 cycles (inner part of Figure 10) shows
good cycling and stable performance. The observed
cycle stability proves that MWOCNTs/AC is
electrochemically stable and superior to most EDLC

supercapacitors [25].

b) EIS MWCNTS/AC H,S0, 0.5 M
200

150 -
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ZT' (Q)
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Figure 11 Nyquist Plot of Electrochemical Impedance Spectroscopy (EIS) Test Results from MWCNTs/AC Electrodes
in Variations of H2SOs Electrolyte Concentration a) 1 M, b) 0.5 M, ¢) 0.1 M, and d) 0.05 M in Three Measurement Cycles.

The EIS results in Figure 11 show that variations
in H2SOs electrolyte concentration have a clear effect on
the impedance characteristics of the MWCNTs/AC
electrode. At 1 M and 0.5 M, the Nyquist curve shows
lower initial Z' wvalues and smaller semicircles,
indicating lower series resistance (Rs) and charge
transfer resistance (Rct). This indicates that the greater

availability of H' ions increases the conductivity of the
electrolyte and accelerates the electrochemical kinetics
at the electrode interface [26]. Conversely, at 0.1 M and
0.05 M, there was a significant increase in Z' values and
enlargement of the semicircle, indicating increased
internal resistance and decreased charge transfer
efficiency due to ion limitations in the solution [27,28].
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At low frequencies, all curves show the typical
linear trend of Warburg impedance, but the diffusion
line appears longer at low concentrations, indicating that
ion diffusion becomes a more dominant limiting factor.
Meanwhile, high concentrations produce a shorter and
steeper impedance response, indicating faster ion
diffusion into the electrode pore structure [29]. The

a) 500 EIS MWCNTs/AC Variation Concentration H,50,

400 iy
3004 .
G
S
N 200 -

100+ —@—0.5M T

—A—0.1M
o —¥—0.05M
0 100 200 300 400 500
7' Q)

similarity of patterns between measurement cycles also
indicates that MWCNTs/AC electrodes have good
electrochemical stability. Overall, these EIS results
confirm that increasing the electrolyte concentration
directly contributes to a decrease in total impedance and
an increase in the electrochemical performance of the
system.

b)

Figure 12 The electrochemical performance of the MWCNTSs/AC electrode (a) Nyquist plot of EIS analysis and (b) a
simplified equivalent circuit model used to interpret the EIS data.

Figure 12 shows the corresponding Nyquist plot
of the electrode measurement. The intercept gives the
values 0 0.230, 0.690, 0.725, 1.080, and 1.225 Q for the
concentrations of 1, 0.5, 0.1, 0.05 M, respectively. The
value at the intercept (Rs) is defined as the sum of the
contact resistances (between the electrode and the
current collector) and electrolyte resistance. It was
observed that the value of Z’ (real impedance) at the
intercept on the real axis decreased as the concentration
increased [30].

The EIS results show a dependence on electrolyte

concentration. Increasing the electrolyte molarity from

Table 5 Fitting data from the Nyquist plot EIS analysis.

low to high values results in a significant decrease in
solution resistance (R;) and charge transfer resistance
(R»2), while increasing the double-layer capacitance (C)),
as shown in Table 5. Specifically, high concentrations
facilitate greater ionic conductivity and ion mobility,
resulting  in  reduced  resistance at  the
electrode/electrolyte interface and enhanced capacitive
behavior [18]. This correlation is consistent with the
findings of Li et al. [15], where optimized electrolyte
concentration serves to maximize ionic charge transport
and produce higher specific capacitance and lower

overall resistance in supercapacitor applications.

Electrolyte concentration (M) Ri1 (ohm) R: (ohm) Ci (F)
1 6.14 £ 0.17 1225 +2.44 1x10°% + 3x10°
0.5 9.86 + 0.13 459 + 1.33 1x10°% + 4x10°
0.1 31.46 £0.26 252 £0.87 1.9x10° £ 2.3x107
0.05 4535+ 0.07 79.06 £ 0.75 1.1x107 + 1.3x1077
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Figure 13 The surface of the electrode after electrochemical analysis in various electrolyte concentrations: A) 1M, b) 0.5

M, ¢) 0.1 M, and d) 0.05 M.

Figure 13 shows the physical appearance of the
supercapacitor electrode surface after electrochemical
measurements at different electrolyte concentrations. In
this observation, an increase in H.SOas electrolyte
concentration causes more pronounced peeling and
detachment of the electrode layer from the substrate. In
samples tested with higher electrolyte concentrations,
particularly at 1 M H.SOa (Figure 14(a)), the electrodes
exhibited fewer signs of surface degradation and
maintained better structural integrity. Additionally,
deposit buildup was observed on some electrode
surfaces, which may be due to incomplete dissolution of
the electrolyte or side reactions during electrochemical
cycles. These findings suggest that the highest specific
capacitance values are due to the small size and high
conductivity of H+ and SO4> ions, which allow more
ions to diffuse into the electrode pores, enhancing the
formation of a double-layer charge and thus improving
energy storage capacity. Although increasing the
electrolyte concentration can enhance specific

capacitance, it may also accelerate physical degradation

and surface instability of the electrode due to increased

chemical activity of the electrolyte [18,19].

Conclusions

The electrode was successfully developed by
combining most of the MWCNTs/AC using a PVDF
binder with a simple method. The material was also
deposited on copper foil as a substrate. From the
morphological analysis, AC successfully adhered to
MWCNTs. Electrochemical testing showed that a
higher concentration of H.SO. electrolyte (1 M)
significantly improved performance, with a specific
capacitance of 528.57 F g! (CV), an energy density of
436.73 Wh kg!, a power density of 391 W kg!, and a
5,000-cycle stability of 98.89% (GCD). EIS analysis
revealed low electrolyte resistance and charge transfer,
highlighting the excellent conductivity of the material.
However, excessive concentrations exceeding 1 M can
cause electrode degradation, emphasizing the need for
optimized electrolyte conditions to balance performance
and stability.
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