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Abstract: Along with the rapid development of technology and industry, the need for energy stor-
age has become fundamental. One promising energy storage devices is the supercapacitor. Several
type supercapacitors are available, one of which is the electrical double-layer capacitor made from
carbon graphite and multiwalled carbon nanotubes (MWCNTs). In this study, we combined these
two materials into a working electrode in a three-electrode system. In the morphological analysis
using scanning electron microscope, transmission electron microscope, and X-ray diffraction, the
two materials were found to have formed a composite on the surface. In the electrochemical analy-
sis, two types of testing were conducted using cyclic voltammetry and electrochemical impedance
spectroscopy. Electrochemical analysis was carried out on five electrolyte concentrations of Na25Oa
from 1 to 6 M. The capacitance produced at concentrations of 1, 2, 3, 4, and 5 M were 34.395, 35.808,
46.284,49.502, and 76.815 F/g, respectively. At an electrolyte concentration of 5 M Na:50s, an energy
density of 27.312 Wh/Kg and a power density of 343.786 W/Kg were produced. Meanwhile on con-
centration of 6 M, the surface of the electrode was damaged.
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1. Introduction

Carbon materials such as graphene, MWCNTs, and AC have significant advantages for energy
storage [12,13]. AC with a large surface area, has been widely used as the main electrode in many
past studies in powders, aerogels, and fibres [14]. However, it has several disadvantages when used
at temperatures that are too low or too high, exhibiting a significant decrease in energy density. As a
result AC needs to be combined with other materials with good conductivity, large specific surface
area, and stability at extreme temperatures [15].

MWCNTs have many advantages, such as unique cavity structure, good electrical conductivity,
high specific surface area, good chemical stability, and porosity suitable for electrolyte ion transfer
[16,17]. They are commonly used to increase the electrical conductivity in supercapacitors and bat-
teries. Their structure has a nanometer scale size in the form of coils of carbon that bind to each other,
significantly increasing power density of the supercapacitor as an electrode material. Moreover, re-
cent studies have shown that MWCNTs synthesis can improve cycle life and specific capacitance
because ions are entangled in the mesoporous of nanotube chains [18,19].
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In the development of supercapacitors, electrolytes play an essential role in electron transfer and
balance between two electrodes [20]. They are classified into several categories: aqueous, organic,
liquid-ions, solid-state, and quasi-solid-state with controlled redox reactions. Moreover, the electro-
lyte concentration will significantly affect the performance of the electrolyte.

An activated carbon-carbon nanotube (AC-CNT) composite was synthesized using a simple
chemical process, and its electrochemical performance in different aqueous electrolytes, such as
H2504, Na2SO4, and KOH, was investigated. The composite exhibited different capacitive behaviours
in various aqueous electrolytes, demonstrating the highest specific capacitance in the H2SOs electro-
lyte because of its high molar ionic conductivity compared to the other two. Nyquist and Bode plots
indicated that the composite in the H2504 electrolyte had the lowest electrochemical impedance and
highest capacitive behaviours compared to the others. The composite in the Na250s electrolyte has
the lowest capacitance, owing to the low molar ionic conductivity of the electrolyte, although it dis-
playeds the best capacitance retention after 200 cycles. The selection of electrolytes, therefore, is a
vital factor for supercapacitor applications [20].

Double-layer formation involves the migration of electrolyte ions into the pores of the electrode.
This mobility decreases when using very high electrolyte concentrations. However, if the electrolyte
concentration is too low, the amount of ionic charge will not be sufficient for the double layer. There-
fore, several studies have been performed to optimise the electrolyte concentration to increase the ion
transport into the electrode based on MWCNTs material [21]. Double-layer capacitors fabricated with
activated carbon electrodes and filled with non-aqueous electrolytes with different salt concentra-
tions were studied. It was known that the performance of capacitors is highly dependent on the salt
concentration in the electrolyte. For electrolytes with high salt concentration, the maximum energy
stored in a capacitor is limited by the capacitance of the electrode materials. For low-salt electrolytes,
the maximum operating voltage and maximum energy decrease with decreasing salt concentration.
AC impedance measurements demonstrate that the drop in maximum energy was due to depletion
of free ions in the electrolyte. Based on analysis of DC charge and discharge cycles at various constant
current rates, the power performance of capacitors was also highly dependent on the salt concentra-
tion of the electrolyte [22].

For instance, Jeong et al. [23] studied the correlation between the electrolyte concentration of
electrolyte LiPFs/PC and supercapacitor performance and showed that redox reaction was strongly
dependent on increasing electrolyte concentration. In addition, Krishnan and Biju studied the effect
of electrolyte concentration electrochemical performance of RGO-Na250s in an aqueous solution and
achieved the best energy and power density at 1 M concentration [24]. Furthermore, a study was
carried out to find out the effect of electrolyte concentration on the electrochemical performance of
reduced graphite oxide—potassium hydroxide supercapacitor. The supercapacitor achieveds a maxi-
mum specific capacitance with electrolyte 6 M KOH. The kinetics of charge storage revealeds that the
combination of the surface phenomenon and intercalation process leads to maximum specific capac-
itance [25].

The effects of several experimental conditions, such as electrode layer binder content, conduct-
ing carbon content, electrode layer thickness, as well as electrolyte concentration, on both the specific
capacitance and energy density of a BP2000 carbon-based supercapacitor are investigated using both
cyclic voltammetry and a galvanic charging—discharging curve. The electrode layer studied contains
Super C45 carbon as the conducting additive, PTFE as the binder, and Na250s as the aqueous elec-
trolyte, respectively. Regarding the effect of electrolyte concentration in the range of 0.1-1.0 M, 0.5 M
of Naz2S0xs gives the best performance [26].

In this study, Na:5Os was also chosen as an electrolyte because it is a less corrosive material with
a large potential window (1.8 V). Na:5Ou4is an aqueous solution electrolyte that exhibits good con-
ductivity and safety as a coating that does not allow the peeling of the composite material from the
surface of deposited material [5]. Composite synthesis was carried out by combining MWCNTs and
AC with a simple method of physical chemistry and adding poly(vinylidene fluoride) (PVDF) as a
binder. Furthermore, the synthesized composite was deposited on top of the Cu substrate using the
doctor blade method. In addition, analysis was conducted of morphological and electrochemical
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properties, such as cyclic voltametry (CV) and electrochemical impedance spectroscopy (EIS) in var-
ious Na2504 electrolyte concentrations.

2. Materials and Methods

We purchased MWCNTs from the nanotechnology laboratory at Universitas Diponegoro. Ac-
cording to the product specification, these MWCNTs have a multi-walled shape without functional-
ised with a diameter of less than 10 nm. AC purchased from Sigma-Aldrich had a specification surface
area of 1000 m?/g and particle size distribution of around 74 pm for 15% and 10 pm for 75%. The
solvent that disperseds MWCNTs and AC was n-methyl-2-pyrrolidinone from Sigma-Aldric with
PVDF as a binder.

For the sample, we first prepared all the ingredients and weighed them according to the ratio
between MWCNTs, AC, and PVDF of 67.5:22.5:10 with a total amount of 1 g for a single synthesis.
Next, electrode manufacturing was accomplished by mixing PVDF binders with N-Methyl-2-pyrrol-
idone (NMP) solvent stirred for 1 h at 300 rpm at 25°C. Then, we added AC to the solution and stirred
for 1 h at 300 rpm at 25°C. After the AC solution was completely dissolved, MWCNTs were added to
the solution and stirred for 24 h at 300 rpm at 25°C. After the solution became a homogeneous slurry,
the slurry was deposited on the top of copper foil using the doctor blade method with a micrometre
adjustable film application. Finally, the deposition material was calcinated at 80°C for 3 h. Figure 1
illustrates the synthesis of MWCNTs/AC and deposition on the copper foil as substrate.

Activated Carbon,
MWCNT: e —
PVDF CNTS

_ e & —»

e s | 1 Hour stirring time ‘Q‘—:" g
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300 rpm stirring speed ISSOLVED PVDI
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Figure 1. Synthesis of MWCNTs/AC composite and deposition on the copper foil as substrate.

Electrochemical analysis, such as CV and EIS of MWCNTSs/AC electrodes, was performed using
a potentiostat (Palmsense 4, USA). All measurements were carried out in a three-electrode electro-
chemical cell configuration, which included a platinum plate (15 x 15 x 1.5 mm) as a counter electrode,
Ag/AgC(l as a reference electrode, and the synthesized material (17 x 17 x 0.025 mm) as the working
electrode. The CV was performed in an applied voltage window of —1.0 to 0.1 V at a scan rate of 50
mV/s. For the EIS analysis, we took measurements at frequencies of 1 to 100,000 Hz. All the measure-
ments were performed with various electrolytes of Na25Os0f 1 to 6 M. This technique allowed a better
understanding by transposing the system into an equivalent electrical circuit.

3. Results and Discussions

Electrode surface morphology was obtained by SEM analysis. The results of surface morpholog-
ical images can show a correlation between the structures formed and the results of electrode elec-
trochemical analysis. The SEM results in Figure 2 (a) show the distribution of MWCNTSs with tube
structures in the AC materials. MWCNTs with a diameter of 1-10 nm could easily infiltrate pores
from AC on the micrometre scale. This infiltration causeds electrons that were previously difficult to
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pass through the pore of AC to be easily passed. The result also showed no uniform morphology,
and the orientation was random. This causeds roughness of the surface electrode, affecting the elec-
trochemical performance.

Furthermore, to analyse the shape and size of the MWCNTs, TEM analysis can determine if the
size was formed on the nanometer scale. The result from the TEM analysis in Figure 2 (b) shows
MWCNTs diameters less than 20 nm. The result also showed AC sticking to the body of MWCNTs.

Figure 2. Morphology of MWCNTs/AC: (a) SEM analysis surface of the electrode and (b) TEM anal-
ysis of MWCNTs coated AC.

The crystalline structure of the composite was analysed by X-ray diffraction (XRD) at 40 kV with
Cu K radiation (A = 1.54 A) using an automated X-ray diffractometer (D/MAX-2500/PC, Rigaku, Ja-
pan). Figure 3 shows the results of the XRD testing of MWCNTs/AC. The XRD pattern shows intense
peaks at 20 = 25.5° which corresponds to the hkl index of (002), 43.2° (100), and 56.9° (101).
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Figure 3. XRD pattern of MWCNTs/AC composite.

An analysis of cyclic voltammetry was used to obtain the specific capacitance of the electrode.
The measurement was carried out at a scan rate of 50 mV/s with a potential range of -1.0 to 0.1 V in
various concentrations of the electrolyte Na25Os solution (1 to 6 M). A three-electrode system was
used in this research. We applied a reference electrode type of Ag/AgCl within KCL 1 M as the solu-
tion inside the electrode. For the counter electrode, we chose platinum cause of its good electrochem-
ical inertness, conductivity, and stability. Figure 4 shows the measurement scheme for electrochemi-
cal performance.


https://doi.org/10.20944/preprints202305.1253.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 May 2023 d0i:10.20944/preprints202305.1253.v1

Ag/ AgCl
refergnceg electrode

Working electrode
Fabricated material

Counter
electrode (Pt)

Solution

(C

(a)

(b) ©

Figure 4. Scheme of measurement with a three-electrode system. (a) measurement models, (b) real

time measurements, and (c) electrochemical cell components.

To measure the specific capacitance after obtaining the CV plot, we can use the following equa-
tion:
1

_ twvz) .
Cs = s ft:O(Vl) i(V)dt L

€S = k@)

where Cs is specific capacitance (F/g), m is the mass of electrode (g), k is 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 [27].

This research used a cyclic voltammogram to determine and shows where the increase in elec-
trolyte concentration increases the diagram area. Tests are performed on a range of electrolyte con-
centration form 1-5M. However, there has been damage to the surface of the electrode using an elec-
trolyte concentration of 6 M so that no curve was obtained. The CV curves are rectangular shaped as
concentration of electrolyte increases. For all concentration of Na25Os, the CV is quasi-rectangular,
and 5M concentration given largest area of CV diagram.
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Figure 5. Cyclic voltammogram of a three-electrode system in different concentrations of Na2SOx elec-
trolyte.

The EIS measurements were carried out over a frequency range of 10,000 to 1 Hz. Figure 6 shows
the corresponding Nyquist plot of the electrode measurement. From the Nyquist plot, we can analyse
the result using an EIS analyser where the cole-cole is fitted with the equivalent circuit model. Figure
6 also shows the trend of the intercept value on the Nyquist plot which is in contrast to the increase
in the electrolyte concentration of the solution. The intercept gives the values of 0.230, 0.690, 0.725,
1.080 and 1.225 Q for the concentrations of 5, 4, 3, 2, and 1 M, respectively. The value at 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 [21].

g
N
z/
(a) (b)
Figure 6. (a) Nyquist plot of EIS analysis and (b) a simplified equivalent circuit model used to interpret

the EIS data.

From data fitting, we can obtain a value of R1 (R« - electrolyte resistance) and R2 (R« - charge
transfer resistance).. The fitting data of EIS are presented in table 2.

Table 1. Fitting data from Nyquist plot EIS analysis.

Electrolyte concentration = R1 (ohm) R2(ohm) Z’(ohm)

M)
1 0.69 4.32 1.225
2 0.63 4.12 1.080
3 0.61 4.08 0.725
4 0.61 4.63 0.690
5 0.60 4.34 0.230
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Furthermore, physical observations of the surface of the supercapacitor electrodes were carried
out after electrochemical measurements to observe peeling and corrosion that might appear. In Fig-
ure 7 it can be seen that an increase in electrolyte concentration causes the appearance of peeling of
the coating from the substrate in samples using an electrolyte concentration of 6 M (Figure 7f). How-
ever, an increase in concentration up to 5 M produces an increased specific capacitance value. The
increase in concentration also results in the appearance of deposition on the surface layer of the elec-
trode after measurements are made at certain time intervals. The deposition that appears comes from
the Na:x50s salt which does not completely dissolve during the preparation of the electrolyte so that
it is easier for the change to become a solid phase. Na:504 has a unique solubility characteristic where
its solubility in water is unusual. Its solubility in water increases more than tenfold at a solubility of
4.97 g/100 mL between 0 and 32.4 °C, and reaches a maximum solubility at 49.7 g/100 mL at 100 °C.
So that the optimum concentration that can be made is 3.5 M at 100 °C [28].

d e f
Figure 7. The surface of the electrode after electrochemical analysis in various electrolyte concentra-
tions: (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 M.

Figure 8 shows supercapacitor coin cell device. For the coin cell device fabrication two electrode
configurations were utilized. Both the electrodes were prepared as described in three electrode con-
figurations. The electrodes were separated by a commercially available filter paper soaked in 5 M
Naz50:4 solution.

Figure 8. Supercapacitor coin cell device with Na250s electrolyte so-
lution.

Figure 9a shows the GCD (galvanostatic charge discharge) curve using a current density of 0.1
A/g and a voltage range of 0 to 1.6 V at various electrolyte concentrations. All curves tend to be linear
and symmetric, indicating that the electrodes have excellent electrochemical reversibility and charge-
discharge properties. The Ragone plot of MWCNTs/activated carbon-based supercapacitor at various
electrolyte concentrations is shown in Figure 9b.
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trode at different electrolyte concentration. (b) The Ragone plot in different electrolyte concentration.

Table 2 shows result of electrochemical properties of cell with various electrolyte concentra-
tions. It has an energy density of 27.312 Wh/kg and a power density of 343.786 W/kg at a current
density of 0.1 A/g and the concentration of 5 M Naz5Ou. The larger energy density in Na:5Os aqueous
electrolyte is due to the larger voltage window from 0 to 1.6 V.

Table 2. Result of electrochemical properties of cell with various electrolyte concentrations.

Electrolyte Concentra- Specific Capacitance Energy Density Power Density
tion (M) (F/g) (Wh/kg) (W/kg)
1 34.395 12.229 363.843
2 35.808 12.732 363.766
3 46.284 16.457 384.702
4 49.502 17.601 364.154
5 76.815 27.312 343.786

5. Conclusions

The electrode was successfully developed by combining the majority MWCNTs within AC using
a PVDF binder with a simple method. The material was also deposited on copper foil as substrate.
From the morphological analysis, the AC successfully adhered to the MWCNTs. The electrochemical
performance obtained using cyclic voltammetry yielded specific capacitances of 34.395, 35.808,
46.284, 49.502, and 76.815 F/g for electrolyte concentration of 1, 2, 3, 4, and 5 M, respectively. At an
electrolyte concentration of 5 M Na250Os, an energy density of 27.312 Wh/Kg and a power density of
343.786 W/Kg were produced. The EIS analysis revealed value for electrolyte resistance and charger
transfer resistance that were low, indicating that the material had good conductivity and low resis-
tivity. The increase in electrolyte concentration is limited due to damage to the electrode surface at
concentration of 6 M.
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