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Highlights:

e A carbon nanocomposite was produced from activated carbon, MWCT, and
graphene.

e Composite-based electrodes improve electric conductivity, reduce cell resistance and
increase specific capacitance significantly.

e The composite material showed outstanding capacitance performance and maintained
cell cycle stability.

e Composite materials strengthen the energy and power density of the supercapacitor.

Abstract. The supercapacitor has gotten a lot of attention as a high-performance
energy storage device because of its high power density, good energy density, long
life cycle, and extensive application in various electronic applications. To
effectively assess its performance, the electrode material composition was
optimized with a blend of activated carbon (AC), multiwall carbon nanotube
(MWCNT), and graphene (GR). The synergistic effect of AC, CNT, and GR
supports the usage of AC/MWCNT/GR as a viable supercapacitor electrode.
Furthermore, the surrounding MWCNT enhances AC and GR electronic
conductivity, while AC efficiently suppresses GR re-stacking sheets and
aggregates MWOCNT particles. For supercapacitor electrodes, the optimal
composite mixtures of AC, MWCNT, and GR were 71.7%, 20%, and 8.3% wt,
respectively. Meanwhile, an outstanding capacitance value of 33.5 F g'! in 6 M
KOH electrolyte was obtained at 2 mV s\
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nanocarbon, supercapacitor.

1 Introduction

The supercapacitor has received massive attention as highly promising energy
storage and conversion device due to its tremendous power density, fast storage
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capability, prolonged life cycle, and effective use in numerous electronic
applications, portable electronic devices, vehicles (both hybrid and electric), and
large-scale industrial equipment [1-4].

Supercapacitors store energy depending on the electrostatic charge that
accumulates at the electrochemical double-layer capacitor, such as carbon. The
energy storage mechanism is also due to the reversible redox reactions of
transition metal oxides and reversible doping/de-doping in conducting polymers
or hybrid capacitors [5]. Therefore, the gravimetric surface area of the electrode,
electrode conductivity, distribution of pore sizes, the electrolyte's electrochemical
stability in the electrode, the resistance to the redox reaction on the surface of the
electrode, operating voltage, electrolyte’s resistance to electrodes, and
electrolyte’s grounding needs to be taken into account when deciding the
electrode material for the supercapacitor [6].

Some of the various electrodes that have received significant attention are
activated carbon, carbon nanotubes, and graphene materials [7-8]. About 80% of
supercapacitors utilize nanocarbon as an electrode material [9]. Activated carbon
material has the largest surface area with weak electrical conductivity and
complex pores, leading to long-period ion diffusion pathways. Carbon nanotubes
have a nano-sized tube structure and a mesoporous matrix that accelerates ion
diffusion to the active surface of the composite [10-13]. Graphene is a two-
dimensional material comprising carbon atoms organized in a honeycomb lattice.
Its unique structure provides a massive theoretical specific surface area (2675
m?g!) with excellent thermal, mechanical and optical properties [14-16]. Some
advantages of graphene include short diffusion distances due to its thinness
(several angstroms), high surface-to-volume ratio, structural flexibility, open-
pore systems, thermal and chemical stability, and compatibility with electrolytes
over a significant electrochemical range [17]. Furthermore, this supercapacitor
shows severe aggregation and re-stacking, decreasing effective surface area. The
re-stacking process occurs because the ability of the van der Waals to interact
with the adjacent sheets decreases the surface area and energy density [18].

In the literature review, no articles were found that discuss the composite material
of activated carbon, CNT, and graphene. In this study, a supercapacitor
performance test was carried out with electrode material from commercial
activated carbon, multiwall carbon nanotube, graphene, and optimization of the
electrode material mixture from the three materials to increase the supercapacitor
performance.
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2 Materials and Methods

2.1 Materials

The composite electrode material used in this study was primarily prepared from
activated carbon (AC), multiwall carbon nanotube (MWCNT), and multilayer
graphene (GR). Commercial AC was obtained from CV with the EstraChemical
(Tangerang, Indonesia) consisting of a nominal BET (Brunauer, Emmett, and
Teller) specific surface area, pore-volume, and average pore diameter are 832.9
m? g, 0.53 cm® g'!, and 4.05 nm, respectively. The MWCNT used are industrial
grade with an outer and inner diameter, tube length, specific surface area,
apparent density, and conductivity of 50 nm, 5-15 nm, 10-20 um, 60 m? g'!, 0.19
g cm?, and 100 S m™!, respectively from XFNano (Jiangsu, China). Industrial
grade graphene nanoparticles are used with a specific surface area, apparent
density, and conductivity of 31.657 m? g, 0.09-0.10 g cm™, and 550-1000 Sm™'.

Potassium hydroxide (KOH, Merck, 99%), ethanol (C,HsOH, AR, 96%),
polyvinylidene fluoride (PVDF, 65%), and Whatman filter paper were purchased
from PT. Bratachem, Bandung. Xiamen TOB New Energy, China, provided the
coin cell (CR2032) case and hydraulic crimping equipment.

2.2 Physical Characterization

The analysis of activated carbon, MWCNT, and graphene was characterized by
scanning electron microscopy (SEM) using the SEM Hitachi SU3500.
Furthermore, a Bruker D8 Advance powder diffractometer was used to determine
the x-ray powder diffraction (XRD) using a 0.020 and Cu Ko radiation step at 40
kV and 40 mA. SEM and XRD analysis was conducted in Research Center for
Nanosciences and Nanotechnology, Bandung Institute of Technology (ITB). A
Raman spectrophotometer with a blue laser beam of 532 nm (XploRa Plus) was
used to produce the Raman spectra conducted at the Laboratory of Center for
Mineral, Coal, and Geothermal Resources, ESDM-Bandung.

2.3 Coin-Cell Assembly and Electrochemical Characterization

The composite electrode material comprised AC, MWCNT, and GR with a
composition variation and ten wt% PVDF (polyvinylidene fluoride) of mixture
material. The particles were disseminated in ethanol and blended for half an hour
using sonication. Furthermore, a circular electrode with a radius and thickness of
7.5 mm and 1 mm was formed by molding and pressing 0.2 g of the dry composite
material at 7-10 Mpa. A supercapacitor of the type coin cell (CR2302) was
arranged with symmetric electrodes at a composite material loading of 2.30 mg
cm?. The two electrodes were separated in 6 M KOH using Whatman filter paper,
and the cell was then squeezed using a hydraulic crimping machine.
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A potentiostat (Gamry V3000) was used to determine the electrochemical
behavior of samples. Electrochemical characterization consists of galvanostatic
charge-discharge (GCD), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS) using a complete cell system. Meanwhile, the
stability test was carried out by analyzing the cyclic charge-discharge of 5000
cycles at an applied current of 50 mA. The cell capacitance is determined using
equation (1) from the CV curve [19].

1 t(V2)

Csp = mv|V,—Vi| ft:O(Vl) i(Vydt M

Where C;, denotes the cell capacitance (F g™), V> -V is the voltage sweep (V), m
is the total mass of active electrodes (g), v denotes the scan rate (mV s), and
i(V)dt represents the area covered by the CV curve.

1 Cs
E= E?ZVZ 2)
E x 3600
- :iisch (3)

Meanwhile, energy density, E (Wh kg!), and power density, P (W kg!), were
estimated from Egs. (2) and (3), respectively, where V' is the maximum voltage
(V), and t4iscn means discharge time (s).

3 Results and Discussion

3.1 Morphological and Structural Characterization

The morphologies of the individual and composite samples were characterized
by scanning electron microscopy (SEM), as shown in Figure 1. SEM micrographs
of the pure AC (Figure 1(a)) show a rock-like, less porous structure and exhibit
the non-uniform structure of the agglomerated particle. It also corresponds to the
moderate surface area of 832.9 m? g! with SEM micrographs of the pure
MWCNT fiber (Figure 1(b)), presenting cylindrical and smooth cross-sections
with neat MWCNT bundles. SEM micrographs of the pristine graphene shown
in Figure 1(c) indicate that the graphene nanosheets became semi-transparent
and consisted of multilayers. The nanosheet layers had sharp corners with well-
defined edges.

Figure 1(d) shows a composite material comprised of AC, MWCT, and GR with
a relatively even distribution of each material. Because of CNT's well-defined
flexibility, the resulting AC/MWCNT/GR ternary nanocomposite system (S721)
displayed homogeneity, and CNT was tightly wrapped around AC particles
(Figure 1(d)). MWCNT also appeared to minimize GR particle re-stacking and

924



Optimization of Electrode Material Composition from Activated
Carbon, MWCNT & Graphene to Enhance Performance of
Supercapacitor

uniformly disseminate them. Thus, CNT was used to connect GR particles with
CNT-wrapped AC particles, forming a consistent electrical conduction network
of the ternary system [20].

X-ray diffraction (XRD) was utilized to arrange the structure of commercial
samples. Figure 2(a) shows the XRD curves of three the materials, which reveal
a most significant intensity peak at approximately 20 = 26.68°,26.89°, and 26.53°
for AC, WCNT, and GR, respectively. The values of MWCNT and GR indicate
that these samples have a typical hexagonal graphitic structure. Meanwhile, AC
with peaks at 20 = 26.68° and 39.5° demonstrates that the example has a
graphitized amorphous structure [21]. The 26 peaks around 21°, 30°, 36°, 37°, and
39°in the XRD AC pattern are an indication of impurities in the form of minerals
(such as Ca, Mg, Al, Fe, Si, K, Na, and Cl), which can come from the ash content
of activated carbon precursor. This ash content cannot be lost entirely in the
carbonization and activation process [22]. The presence of ash in the activated
carbon synthesis process can reduce the specific surface area (porosity) but
increase the degree of graphitization and electrical conductivity [23].

Figure 1 SEM image of (a) AC, (b) MWCNT, (c) GR, and (d) composite
material.

Figure 2(b) demonstrates the Raman shift of pure carbon and composite material.
For carbon material, two substantial peaks were discovered, centered at roughly
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1592 cm™! for graphitic (G) and 1342 cm™ for the disordered (D) band, indicating
that an idealized and uneven graphite lattice shows the Raman shift. The
disruption band, also known as the D band, is formed by the sp* hybridized carbon
at the graphene's edge and illustrates the severity of the graphite structural defect.
The G band represented the sp? hybridized carbons coming from the C-C bond
strain on the graphitic plane. The quantity of structural defects in heteroatoms
associated with sp3 carbon is explained by the D and G band ratios [24].

Bands of G, D, and 2D characterize graphene spectrums and MWCNT.
Furthermore, the intensity ratios Ip/Ig and Ip/Ig provide information about the
structural disorder and graphene quality, where the defect-free graphene 12D/IG
is equivalent to 2. Single-layer graphene could be verified using the single and
sharp second-order Raman band (2D) at about 2700 cm’!, frequently employed.
Due to the breaking of the multilayer material's electrical band structure, the 2D
band of multilayer graphene can be matched with many peaks. [25]. Graphene
and MWCNT spectra in Figure 2(b) show 2D broad peaks, indicating multilayer
graphene and multiwall CNT. Meanwhile, similar intensities of these D and G
bands indicate a high quantity of structural defects. WMCNT had the lowest
ID/IG ratio, followed by graphene, composites, and activated carbon. The
composite material had a lower Ip/lg value than activated carbon, indicating a
lower degree of disorder or higher graphitization which could be due to the
contribution of MWCT and GR.

(a) —ac (b) D —Ac

\_,.J

—GR —— GR
—— Composite (S7,4))

In/lg = 1.403

Ip/le = 0.924

Intensity (a.u.)
Intensity (a.u.)

Ip/lc = 0.991

Ip/lg = 1.322

T T T T T
0 10 20 30 40 1000 1500 2000 2500 3000
26 (%) Raman shift (cm™)

Figure 2 (a) XRD image of carbon material and (b) Raman spectra of carbon and
composite material.

3.2 Electrochemical Performance

The electrochemical performance of each sample was evaluated using pure
material in the complete cell system. Figure 3(a) illustrates the cyclic
voltammograms (CV) and EDLC of varying electrodes at a 2 mV s ina 6 M
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KOH aqueous solution. It further shows that the CV of MWCNT and GR possess
similar rectangular shapes and exhibit good symmetry, thereby indicating ideal
capacitive behavior. The rectangular shape of CV also indicated that the primary
electric and double layer capacitance (EDLC) are formed because of the
numerous electrolyte ions adsorbed on the material's surface with limited
electrolyte diffusion [26]. Meanwhile, CV curves for activated carbon (AC) show
a slanted parallelogram shape, indicating rapid charge and discharge processes
with low series resistance with high power capabilities [27]. The AC has the
largest specific capacitance out of the three samples because of the linear relations
between CV and capacitance. The supercapacitor with electrode material from
AC, MWCNT, and GR by CV is 13.12 F ¢!, 393 F g, and 7.86 F g,
respectively, as shown in Eq. (1).
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Figure 3 (a) CV curves of different samples at 2 mV s-1 in 6.0 M KOH
aqueous electrolytes and (b) EIS Curve of the other samples with the entire
Nyquist plot.

Figure 3(b) shows the Nyquist plots of EIS data used to test the EDLCs with
different electrode types in KOH electrolytes. The imaginary component in the
complex plane comprises the capacitive and ohmic properties denoted by —Z" and
Z', respectively. A frequency of 100 kHz was used to study both features, with
the plots consisting of more than one semicircle in the complex plane. The center
of the semicircle is sometimes located under the Z' axis, while the type Nyquist
plot of a supercapacitor comprises three regions concerning the frequencies.
Furthermore, the supercapacitor has a character like a resistor at a very high
frequency [28]. Contact resistance is observed between the electrode materials
and the current collector (CR2032 case). Figure 4 shows that the center of the
semicircle diameter is located between the first and second intercept points of the
Z' axis along the Nyquist curve. Semicircle regions for AC, MWCNT, and GR
electrodes had a resistance of 3, 1.4, and 1.5 ohms, respectively. The small matter
located in the semicircle region indicates a low charge transfer resistance between
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the electrolyte and the electrode and has good electrical transfer in the current
collector. Figure 4 shows that supercapacitors with 100% activated carbon
electrode material had the largest semicircle region. It has the lowest conductivity
compared with MWCNT and GR upon activation.
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0,015 3010
SO(H
0,010 S
—+— S744
— - S
< 0,005 o
£ —— S712
I S
E 0,000 SEOZ
(&) * 820
=— S724
-0,005 1
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-0.015 T T T T T T
-0,4 -0,2 0,0 0,2 04 0.6 0.8 1,0

Voltage (V)

Figure 4 CV curves of the different samples at scan rates 2 mV s™!in 6.0 M KOH
aqueous electrolytes.

The material was combined and optimized to increase the capacitance of the
supercapacitor. Optimization was carried out with a mix of designs that determine
the effect of material interaction on capacitance. Each electrode sample was
prepared by a mixture of materials to obtain 0.2 g. Table 1 shows the samples
with a combination of materials and the results of electrochemical
characterization of the supercapacitor. Table 1 shows that sample S7,;, whose
material consists of AC, MWCNT, and GR with 70, 20, and 10%, respectively,
has the highest capacitance. The interactions occur between the components in
the electrode and the capacitance or supercapacitor of a specific trend. The
increased capacitance value indicates the combination of the large surface area
possessed by activated carbon. The high conductivity of MWCNT and GR and
the large pore size of MWCNT and GR increase the diffusion of electrolyte ions
with a rise in the conductivity of the electrode material supercapacitor
capacitance.
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Table 1 Experimental design for the preparation of electrode material
composition.

AC. MWCNT  GR.

Sample ©owt)  (Yowt)  (%wd) Specific capacitance at2 mV s ! (F g)
S100 100 0 0 13.12
So10 0 100 0 3.93
Soo1 0 0 100 7.86
Ss02 80 0 20 21.30
Se22 60 20 20 15.62
Ss20 80 20 0 24.71
Ssi1 80 10 10 18.41
S712 70 10 20 21.29
S7n 70 15 15 18.20
S721 70 20 10 33.12

The cyclic voltammograms (CV) of the different samples of EDLCs at a scan rate
of 2mV s!ina 6 M KOH aqueous solution are shown in Figure 4. Aside from
the S721 piece, all other examples were similar to the rectangular shape and
exhibited good symmetry, indicating ideal capacitive behavior. The CVs of SC
using the S721 sample in 6 M KOH were measured at various scan rates (see Figure
6a). The CV shapes of all coin-cell SCs in 6 M KOH exhibited slanted
parallelogram loops, indicating high-power capabilities with a quick
charge/discharge process, typical electrical double layer capacitor (EDLC)
behavior, and low equivalent series resistance. Furthermore, it illustrated an
additional current due to the faradaic mechanism. The current response increases
with the rise in scan rate, indicating a reduction in electrode internal diffusion
resistance [29].

The operating voltage of -0.3 to 0.6 V at different current densities was used to
determine the Galvanostatic charge/discharge (GCD) measurements (see Figure
5(b)). Furthermore, the areas under CV curves were used to determine the
capacitances with the values plotted as a function of scan rate for both negative
and positive electrodes, as indicated in Figure 5(d).

EIS curves (Figure 5(c)) show the semicircular zone for the AC/MWCNT/GR
composite is less than the pure AC, MWCNT, and GR. Therefore, the additions
of MWCNT/GR decreased the interlayer resistance of the activated carbon sheets
and the contact resistance with the current collector. The surrounding MWCNT
can enhance the electronic conductivity of the AC and GR. Similarly, the AC
particle tends to effectively suppress the re-stacking of the GR sheet and the
aggregation of the MWCNT. Figure 5(c) shows a Nyquist plot with a 45° straight
line from the lower left to the upper right; the Warburg curves indicate that the
electrode material has enhanced access to the electrolytic ions [30-31].
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Figure 5 (a) CV curves of different scan rates in 6 M KOH aqueous electrolyte, (b)
GCD curves of the sample at various current densities, (c) EIS curve for different
electrode materials, and (d) the specific capacitance of the S7; sample at different
scan rates.
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Figure 6 (a) Cyclic stability of composite (S721) based-supercapacitor and (b)
Ragon plot for pristine and composite based-supercapacitor.
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The coulombic efficiency (CE) and capacitance retention (CR) determine the
supercapacitor cycle stability. CE is the discharge capacity to charge capacity
ratio in a given cycle. At the same time, CR is the ratio of each process
capacitance to its initial capacitance [32-33]. Figure 6(a) shows that the CE and
CR values for a composite electrode-based supercapacitor remained close to
100% for 5000 cycles. Figure 6(a) indicates that the composite material showed
outstanding capacitance performance while maintaining constant voltage and
operating current cell cycle stability. A high CE also means little risk of side
reactions at the electrode surface [24, 34]. The energy and power density of the
symmetric supercapacitor were displayed in the Ragone plot in Figure 6(b).
Composite based-supercapacitor has the highest energy and power density
compared to other cells, showing that composite materials improve
supercapacitor performance.

33 Optimization of Electrode Material Composition

Minitab 19.1 is used to analyze and model an equation representing the trend of
the experimental data shown in Table 1 with the equation shown in Eq. (2).

Capacitance = 2.003AC + 41.24 MWCNT + 32.97GR — 0.6002 AC
-MWCNT — 0.4990 AC - GR — 2.560 MWCNT - GR

+ 0.03143 AC- MWCNT - GR 2)

These equations indicate that AC, MWCNT, and GR significantly contribute to
the positive effect of the supercapacitor performance [35]. Besides, the
interaction between these variables positively affects the electrode in the
capacitance. Meanwhile, the interaction between AC and MWCNT, AC and GR,
and MWCNT and GR in the electrode negatively affects the capacitance.
Therefore, based on Eq. (2), surface and contour plots are obtained using Minitab,
with the results shown in Figure 7.

(a) Mixture Surface Plot of Capacitance (b) Mixture Contour Plot of Capacitance
(component amounts) (component amounts)

AC
100

Figure 7 (a) Mixture surface plot of capacitance, (b) contour plot of capacitance.
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The surface and contour plots shown in Figure 7 inform that the interaction
between components is a factor capable of increasing the supercapacitor
performance. This is shown in the resulting area in the plots, which are
proportional to all materials. The composition of the material, which gives the
optimal capacitance value, is shown in Figure 8. Therefore, based on the
optimization curve, it is concluded that the combination of AC, MWCNT, and
GR materials obtain optimum capacitance of 71.7%, 20%, and 8.3 wt%,
respectively.

Optinmal [EAC [ EMWCNT [EGR
D:poosg High 20,0 20,0 20,0
t Cur [71.7241] [20.0] [6,2759]
Low 740 5.6824 82759
N
S {
\\ \,
Capacita \\\ \\
Madirmum \ ‘\
= 335185 7] LY
d = 093593 —~ N P
b2
P

Figure 8 Optimization curve.

4 Conclusion

In conclusion, the electrode material from a composite mixture of AC, MWCNT,
and GR can reduce ohmic and charge transfer resistance, thereby increasing
capacitance significantly. Furthermore, the MWCNT that surrounds the AC and
GR improves their electric conductivity. Similarly, the AC particle tends to
effectively suppress the re-stacking of the GR sheet and the aggregation of the
MWCNT. The optimum mixture composition of AC, MWCNT, and GR were
71.7%, 20%, and 8.3%wt, respectively, thereby producing the highest
capacitance value of 33.5 F g! in 6 M KOH electrolyte. The advantages of
optimized composite electrodes are obtained by comparing the results to EDLCs
following the pure AC, MWCNT, and GR.
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