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Abstract: Supercapattery has the potential to optimize energy and power densities. The
availability of silicon and carbon may be one of our concerns. This research is focused on developing
anodes based on silicon with 10% Al,O3/AC as a cathode. The electrodes were synthesized using the
blending method. The XRD analysis showed diffraction peaks indicating the activated carbon and
silicon phases. The absorption functional groups were identified through FTIR characterization.
SEM analysis showed that the increasing mass of Al,Os caused the porosity to increase. The
combination of 10% Al,O3/AC//Si/CB supercapattery devices offers superior performance with a
specific capacitance of 105.8 Fg'!, an energy density of 46.3 Whkg™!, and a power density of 336.7

Wkg'!.
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1. Introduction

Energy is a grave sector because its availability has a
supporting role for all activities of human civilization®.
The augmentative of the worldwide energy crisis is caused
by the scarcity of fossil fuels, global warming, pollution,
and environmental degradation, which has encouraged the
perfection of energy storage technologies with high and
stable performance, low production cost, environmentally
friendly, and sustainable’*™. The development of energy
storage media is one solution to deal with these
problems>®. Lithium-ion batteries (LIBs) are one of the
energy storage media used in portable electronic devices
and vehicles?. Lithium-ion batteries are one of the best
energy storage systems compared to batteries based on
lead-acid materials®. LIBs also have advantages such as
high electrochemical performance, high energy density,
good cyclic ability, and low possibility of self-discharge”.
However, the battery has the disadvantage of a voltage
drop when it is used in the long term and has high cycles.
The new breakthrough of energy storage media is a

supercapacitor, high-power energy storage based on
charge discharge at the electrode or electrolyte interface
surface  through  electrostatic =~ phenomena  or
electrochemical ion adsorption. Supercapacitor devices
are categorized into carbon-based EDLCs and
pseudocapacitors based on metal oxide and polymer
material'®., LIBs and batteries are proficient for storing
large amounts of energy (high energy density). In
comparison, supercapacitors have a higher power density,
which gives faster charge and discharge energy (high
power density) through Faradaic reactions!''?. Although
the performance of supercapacitors and LIBs is quite good,
there is still a need to develop hybrid devices that combine
the advantages of supercapacitors and batteries called
supercapattery'31),

In the last decade, the development of supercapattery
has become the focus of research in energy storage.
Supercapattery is a hybrid type of supercapacitor, and
battery components combine both advantages'®.
Supercapacitors can store power in the long term (long
lifetime), have high power density, are environmentally
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friendly, and have low energy density!”. Meanwhile, the
battery has a high energy density of around 150-200
Wh/kg'¥29,  Therefore, the  combination  of
supercapacitors and batteries has excellent potential to
make an efficient energy storage appliance with high
energy and power density?’??. Ion accessibility
performance and surface modification in energy storage
devices significantly improve supercapattery
performance®?¥,

The supercapattery device is arranged by several
essential components, including the positive side
electrode (cathode), negative side electrode (anode),
electrolyte, and a separator as a barrier between the
electrodes to prevent contact?. The performance of the
supercapattery device is determined by the material of
electrode?®. Therefore, anodes with high specific
capacitance are needed to optimize the performance of
supercapattery devices. Si is paid much attention among
all battery component storage materials because of'its very
high theoretical intercalation capacity and superior low
operating voltage, abundant presence, and
environmentally friendly24 (. These advantages cause Si-
based anodes to have high capacitance and energy
density?”. Based on research conducted by Jiarong He, et
al. (2022), the electrochemical performance of Si-anode
has a specific capacitance of 1502.1 mAhg™! with retention
of 51.1% for 105 cycles®®. However, Si-based anodes
have the disadvantages of significant volume changes and
low conductivity, leading to a rapid decline in capacitance
performance and poor cycle stability?*3?. Various
strategies are proposed to overcome this problem, such as
combining Si material with conductive materials such as
carbon and its derivatives. Another solution is to use
polymer binders to improve the stability of the electrode
structure and hydrogen bond interactions on Si-based
electrodes®?.

The application of metal oxides as supercapacitor
electrode materials is an exciting topic because of their
low cost, environmental friendliness, and abundance in
nature®?. In addition, metal oxide-based electrodes have
high capacitance characteristics through redox reactions.
Based on research conducted by Diantoro et al., it has
successfully synthesized supercapacitor electrodes based
on the metal oxide SrTiO3 with a specific capacitance of
5433 F/g*®. Another oxide material used as a
supercapacitor electrode is AI203 or alumina, which has
high thermal conductivity and corrosion resistance.
Although the electrical conductivity is lower than other
metal oxides, Al,O3 has excellent chemical stability and a
large specific surface area®¥. Al,O3/AC composite-based
supercapacitor electrodes have a semicrystalline phase
with a smaller surface area than ordinary activated carbon-
based electrodes. Research by Azizi et al. (2020) and Liu
et al. (2020) showed the synthesized of asymmetric
supercapacitor with electrodes based on reduced graphene
oxide/polyindole  (rGO/Pln)/gama- AlL,O3/AC and
Al,O3/AC nanowire polyvinyl butyral (NW-PVB). The

specific capacitance results in both studies were 308 and
146 F/g*>39),

In addition to metal oxides, another material that excels
as a constituent of supercapacitor electrodes is activated
carbon, with a high surface area, good mechanical
strength, and low production cost*”. Activated carbon is
affordable, accessible from various carbon-rich biomass,
easy to synthesize, and can be obtained in various forms
such as powders, fibers, and composites®®. Activated
carbon is effectively used as a supercapacitor's main
ingredient because it has good cycle stability, high
conductivity, and extended performance life3?. The high
conductivity of activated carbon can reduce the resistance
level of the supercapacitor so that the resulting
performance is higher. Research related to the ALO;
cathode-based supercapattery combined with the Li-ion
anode previously showed a specific capacitance that was
less than optimum®*”. We present the effect of the addition
of ALOs; on its morphology, structure, crystal size,
functional group, porosity, and electrochemical
performance of Al,O3;/AC and Si/Carbon black. The
electrochemical performance of the supercapattery is
described as specific capacitance, energy, and power
density.

2. Experimental

2.1 Materials

Materials used to synthesize supercapacitor electrodes
include Al,O; powder from Sigma Aldrich, Germany,
activated carbon, carbon black, acrylonitrile multi-
copolymer (LA133) binder from Redox, Sweden, and
deionized water (OneMed 99%). Meanwhile,
synthesizing Si electrodes as battery components uses
Merck's Si nanoparticle powder, polyvinylidene fluoride
(PVDF) from Merck., and dimethylacetamide (DMAC).
The organic electrolyte used in this experiment is
tetracthylammonium tetrafluoroborate (Et4NBf4) with
acetonitrile solvent, and the separator is cloth fiber type.

2.2 Instrumental and Analysis Method

The microstructural characterization was carried out
through X-ray diffractometer (XRD) PAN Analytical
EXPERT-3, Fourier Transform Infra-Red (FT-IR), and
Scanning Electron Microscope (SEM) FEI INSPECT-S50
type instruments. XRD characterization was used to
determine the diffraction peak, degree of crystallinity,
structure, phase, and the size of the electrode crystal
formed. In XRD characterization, the Cu-Ka wave has a
wavelength of 1.54060 A with a diffraction angle range
between 10-90° .The crystal size is determined using the
Scherrer equation, which can be written in Equation (1).

K2
- Bcos6

m o

D defined crystal size, K is the Scherrer constant (0.89),
A is the wavelength (0.1546 nm), £ is the FWHM, and
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6 is the Bragg angle. The degree of crystallinity is
determined by Equation 2.

crystaline fraction
alline+amorphus fraction)

crystallinity: rE— x100% (2)

FTIR characterization was used to determine the
functional groups contained, with a wavenumber range of
500 — 4000 c¢cm™. SEM characterization was used to
identify particle size, porosity, and pore diameter.

Meanwhile, the characterization of the electrochemical
performance of the supercapattery device was tested using
the Galvanostatic Charge-Discharge "Battery Testing
System NEWARE" 5V 6A. Based on the resulting charge-
discharge graphic analysis, it can be processed to
determine specific capacitance, energy density, and power
density using the following equations.

4]
s~ AV /At ©) ?
ED = 0.5C(AV)? 4) )
PD = (%) x 3600 (5) 44

2.3 Procedure
2.3.1 Synthesis of Al203/AC/CB Electrode on Al-foil

We used raw materials to synthesize supercapacitor
electrodes, including Al,Os powder, activated carbon,
carbon black, LA133 binder, and deionized water. About
2 g of active electrode material has been prepared with a
ratio of 1:0.1:0.9 for binders, conductive materials, and
active ingredients. The synthesis process was started by
dissolving 1 g of LA133 binder in 2.5 mL of deionized
water on a hotplate at 100 rpm for 30 minutes at room
temperature. After the binder dissolved and no air bubbles,
0.1 g of carbon black powder was added, and the rotation
speed was increased to 150 rpm. After all the black carbon
is dispersed, then 0.9 g of the active materials in the form
of AlLOs and activated carbon are added gradually with a
predetermined composition of 5% and 10% Al,Os. After
all the ingredients were homogeneous, the solution was
stirred at 300 rpm for 24 hours to produce a paste. The
paste was then deposited using a doctor blade on an
aluminum foil substrate with a thickness of 20 um. This
electrode was subsequently heated in an automatic oven at
room temperature for 30 minutes, then at 60°C for 30
minutes, 30 minutes at 80°C, and 100°C in one hour. This
gradually increased heating process is carried out so that
the electrode is not damaged due to thermal shock.

2.3.2 Synthesis of Si/CB Electrode on Nickel-foam

The synthesis of Si/CB electrodes as battery
components uses Si nanoparticle powder, carbon black,
polyvinylidene fluoride (PVDF), and dimethylacetamide
(DMAC). The electrodes were prepared using a total mass

of 0.5 g with a ratio of 1:1:3 for binders, conductive
materials, and active ingredients. The synthesis process
was started by dissolving 0.1 g of PVDF into 4 mL of
DMAC using a hotplate at 200 rpm for 1 hour at 80°C.
After the PVDF dissolved, the solvent temperature was
reduced to room temperature while the speed was
increased to 300 rpm. Then, gradually add 0.1 g of carbon
black. After the carbon black dispersed, we added 0.3 g of
Si and stirred until homogeneous. After all the ingredients
were mixed, the solution was stirred for 7 hours. This
solution was deposited on a thin disk nickel-foam
substrate with a diameter of 1.5 cm, and the initial mass
was weighed. About 20 pL of the solution was deposited
using a micropipette on both sides of the substrate. The
electrodes were then heated in an oven at 80°C for an hour.
If the sample was dry, the mass was weighed, and the
sample was diluted using a press with a load of 500 kg.
After that, the electrodes were immersed in Et4NBf4 1.0
M electrolyte for 24 hours. This immersion process was
carried out so that the pores could maximally absorb the
electrolyte solution on the nickel-foam substrate. The
electrolyte was prepared by dissolving 2.17 g Et4NBf4
into 10 mL of acetonitrile.

2.3.3 Fabrication of Coin Cells Device

The two types of electrodes are fabricated into coin cells
using a cloth fiber separator with the arrangement shown
in Fig. 1. This fabrication process was divided into 3 types
of arrangement at the cathode and anode. First, the
symmetric ALLO3/AC electrode was fabricated on the
cathode and anode as supercapacitor side. Second, the
symmetry Si/CB electrode is fabricated on the cathode
and anode as battery side. Third, fabrication of 10%

AlLO3s/AC as cathode and Si/CB as anode for
supercapattery device arrangement.
. ------ Poithe Cais
\" -
.. R Spring
------ Spacer (0.5 mmi]
------ Cathade
¥ bk Separstor
gFEe ______ Anode
------ Spacer 1 mm]
______ Hegative case
—
A e -\I I/’\I
@ @ 3
ADO3/AC as Si/CB as ADO3/AC as
cathode and cathode and cathode and
anode anode S1/CB as anode

Fig. 1: Coin cell arrangement.
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3. Result and Discussion

3.1 X-Ray Diffraction (XRD) Analysis

The X-ray diffraction of AC/CB, Al,O3/AC electrode
with compositions of 5% and 10% is shown in Fig. 2. An
amorphous arrangement showing activated carbon's
structure dominates the diffraction pattern formed. The
diffraction peaks of activated carbon are shown at angles
of 20 = 26.50° and 43.36° with the crystal planes of (002)
and (100)*49 In addition to the diffraction peak of
activated carbon, at an angle of 26 = 38.47° with the (111)
plane, it shows the diffraction peak of the aluminum foil
substrate used*”. No diffraction peaks of ALO; were
observed in the electrode samples with 5 and 10% Al,O3
due to its smaller amount and ratio than activated carbon
as a composite.

Intensity (arb.u)

20 (degree)

Fig. 2: XRD pattern of (a) raw Al2O3, (b) raw AC, (c)
AC/CB/Al-foil, (d) 5% Al203/AC/CB/Al-foil, and (¢) 10%
A203/AC/CB/Al-foil.

Figure 3 compares the diffraction patterns of Si powder
and Si/CB electrode. The diffraction patterns observed at
(111), (220), (311), and (400) planes with angles of 20 =
28.4°,47.3°,56.1° and 69.1° (JCPDS No. 27 — 1402)*:49),
Compared to Si nanoparticles, the diffraction pattern of
Si/CB electrode has a lower intensity. The low intensity
represents the amount of diffracted materials, which is
also low. Another peak at 20 = 65.1° was identified as the
peak of the aluminum foil substrate used during
characterization.

aiy (220) (311) (400)
) 1 '

Intensity (arb.u)

SiPowder

A NI

T T T T T T
10 20 30 40 50 60 70

20 (degree)

Fig. 3: XRD pattern of Si powder and Si/CB electrode.

From the diffraction pattern of Fig. 3, we can obtain
crystal phase, crystallite size, and degree of crystallinity.
Crystallite size and degree of crystallinity can be observed
in Table 1. The crystallite size of the Si nanoparticles is
50.0 nm, comparable to the research conducted by Zhang
et al. (2020)*). Meanwhile the crystallite size and
crystallinity of Si/CB electrode is 33.5 nm and 26.7 %,
subsequently. Crystallite size and crystallinity could affect
the redox reactions and conductivity increase. The
relatively low crystallinity due to the amorphous structure
of carbon black addition can provide more electroactive
surfaces for redox reactions and better diffusion of
electrolyte ions due to structural defects and irregular
atomic arrangement.

Table 1. Crystallite size and degree of crystallinity of Si powder
and Si/CB electrode.

Sample Crystallite size(nm)  Crystallinity(%)
Si 335 26.7
Si Powder 50.0 50.4
3.2 Functional groups analysis
75
O-H CH CC C0 AlLO

60+

45

30

Transmittance (%)

10% ALO

23

|
5% ALO,

1
T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’')

Fig. 4: FTIR spectra of AC/CB/Al-foil, 5%
AlLO3/AC/CB/Al-foil, and 10% AL.O3/AC/CB/Al-foil.

FTIR characterization was used to ensure the
absorption functional groups from the thin film of
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supercapacitor electrodes based on AC/CB/Al-foil, 5%
AlLO3/AC/CB/Al-foil, and 10%  AlOs/AC/CB/Al-foil
presented in Fig. 4. Wave number 3529.73 ¢cm! shows an
O-H (hydroxyl) absorption functional group®”. At a peak
at a wave number of 2889.37 cm’!, there is a functional
group with C-H absorption (°. Wave number 2380.16
indicates the presence of a C-C absorption functional
group™®. Wave number 1288.45 cm-1 shows the
functional group from C-O, and 781 cm™ indicates the
absorption functional group from A1-O%39.

35

Si-O-Si  Si-O

O-H C-H Cc=C

30 4

254

Transmittance (%)

10 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber (cm™)

Fig. 5: FTIR spectra of Si/CB electrode.

Figure 5 shows an absorption functional group
contained in a thin film of Si/CB-based battery electrodes.
At wave number 3371.57 cm’! there is a functional group
group from O-H absorption®¥. At the wave number of
3022.45 cm! there is an absorption functional group C-
H3®. A peak at 2351.23 cm™'  indicates the presence of an
absorption functional group C=C>". Wave number 1141
cm! shows the functional group of Si-O-Si, and 775.38
cm’! declares the existence of the absorption functional
group from Si-O%9)

3.3 Morphology and porosity analysis

SEM is an equipment used to determine the
morphology and topology of a material. In addition, the
SEM characterization shows the porosity of the electrodes,
which affects the electrochemical performance. The
surface morphology of Si powder is shown in Fig. 6, while
the  AC/CB/Al-foil, 5% ALO3/AC/CB/Al-foil, 10%
AlO3/AC/CB/Al-foil, and Si/CB electrodes are presented in
Fig. 7.

The analysis shows that the average particle size of Si
powder is 60.0 nm, with the histogram distribution as
shown in Fig.6. The results of the Si particle size are based
on the research of Tian et al. (2019), which suggests that
the distribution of Si particles ranges from 20.0 — 60.0
nm®, Fig. 7 (a) shows that the activated carbon from
AC/CB/Al-foil electrode has a morphology resembling a
sheet lump and large pores. Figures 7 (b) and (c) show the
5% and 10% Al1203/AC/CB/Al-foil electrode morphology.
From the figure, it shows that the morphology of electrode
dominated with activated carbon morphology. This result
also linear with XRD analysis in the previous section.
Figure 7 (d) shows the morphology of the Si/CB electrode

deposited on a nickel-foam substrate. This image shows
the porous nickel-foam substrate with a pore diameter of
4.352 nm. The substrate used shows large pores, which aid
the maximum absorption of electrolyte ions.

Fig. 6: The morphology of Si powder and its hystogram of
particle distribution size.

Porosity obtained from Fig.7 electrodes shown in Table
2. Porosity the space between the materials that functions
to absorb ions from the electrolyte. Porosity analysis
shows that as the mass of AlbOs used increases, the
porosity will also increase.

Fig. 7: SEM of (a) AC/CB, (b) 5% AL203/AC/CB, (c) 10%
Al203/AC/CB, and (d) Si/CB electrodes.

Table 2. The porosity of supercapattery electrodes.

Electrodes Porosity (%)
AC/CB 64.4
5% ALO3/AC/CB 66.3
10% ALOs/AC/CB 69.1
Si/CB 75.4
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3.4 Electrochemical performance analysis

The electrochemical performance characterization of
the symmetrical coin cell 5% ALO3/AC/CB, 10%
AlL,0O3/AC/CB, Si/CB/Nickel-foam, and asymmetric 10%
AlL,O3/AC//Si/CB-based supercapattery was identified
through the Galvanostatic Charge-Discharge (GCD)
instrument. Figure 8 shows the results of charge-discharge
using 1.0 M organic liquid electrolyte Et4NBf4. Based on
the resulting charge-discharge graphic analysis, it can be
processed to determine specific capacitance, energy
density, and power density using the equation (3), (4), and

(5).

—=— AC/CB
2.0 —®— 5% ALO,
—A—10% ALO,
v Si/Si
—&—10% ALO, // Si
1.5
—~
>
<
=
.‘E’
210
S
-

0.5

0.0 T T T T T T T
0 200 400 600 800 1000 1200 1400 1600

Time (s)

Fig. 8: Galvanostatic Charge-Discharge graph for
symmetric AC/CB, 5% Al.03/AC/CB, 10% Al.O3/AC/CB,
Si/CB, and asymmetric 10% Al2O3/AC/CB // Si/CB in coin cell
devices.

Cs is the specific capacitance (Fg!), I is the discharge
current in units of mA, t is the discharge time (s), and V is
the potential difference (V). The other parameters, m,
denote the electrode mass (mg), ED is the energy density
(Whkg™), and PD is the power density (Wkg™'). Figure 8
shows a voltage vs. time of one cycle of each coin cell.
The results of electrochemichal performance is presented
in Table 3.

It is found that adding ALO; in a symmetric
supercapacitor increases specific capacitance, energy
density, and power density. Adding Al,O; increases the
surface area and porosity and provides more electroactive
surfaces for faradaic redox reactions to increase
performance. The Si/CB charge-discharge graph shows a
low specific capacitance of 24.6 Fg'. This specific
capacitance is due to the nature of the Si material, which
is less stable, so it has low retention during the process of
charge discharge.

Table 3. Specific capacitance, energy density, and power
density for symmetric AC/CB, 5% AlO3/AC/CB, 10%
Al03/AC/CB, Si/CB, and asymmetric 10% Al2O3/AC/CB
//Si/CB in coin cell devices.

Electrodes  Cs (Fg') ED (Whkg!) PD (Wkg')
AC/CB 34.5 10.7 297.9
5% ALO3/ 43.8 15.9 307.1
AC/CB

10% ALOs/ 50.1 17.9 331.0
AC/CB

Si/CB 24.6 10.7 313.5
10% ALOs/ 105.8 46.3 336.7
AC/CB//

Si/CB

The combination of the two components in the form of
a supercapattery based on a 10% Al,O3/AC/CB cathode
and a Si/CB anode yields excellent electrochemical
performance with a specific capacitance of 105.8 Fg'!, an
energy density of 46.3 Whkg'!, and a power density of
336.7 Wkg'!. The supercapattery sample shows a cyclical
shape representing the components between the
supercapacitor and the battery. This GCD shape is similar
to that of activated carbon-based EDLC supercapacitors.
This analysis's results align with the research conducted
by Chen et al. (2020)°V. Furthermore, this study shows a
higher specific capacitance than the Al,Os-based
supercapattery with Li-ion anode conducted by Ndipingwi
et al. (2018)%",

4. Conclusion

From XRD analysis showed that activated carbon's
structure dominates the diffraction pattern of 5% and 10%
AlL,O3/AC/CB electrodes. The diffraction peaks of
activated carbon are shown at angles of 26 = 26.50° and
43.36° with the crystal planes of (002) and (100). Si
powder showed a crystallite size of 50.0 nm with
crystallinity of 50.4%, meanwhile Si/CB electrode had
crytallite size of 26.7 with the crystallinity 0f26.7%. FTIR
analysis of the AC/CB, 5% and AlLO3/AC/CB electrode
showed the presence of functional groups O-H hydroxyl,
C-H, C-C, C-O, and AI-O at wave numbers between
3529.73 — 781 cm’'. The Si/CB electrode showed the
functional groups O-H, C-H, C=C, Si-O-Si, and Si-O at
wave numbers between 3371.57 — 775.38 cm’!. SEM
analysis on Si powder showed its particle distribution of
60.0 nm. The porosity of the electrode increased, and
reach the optimum point of 69.1 % at 10% Al>Os addition.
Si/CB electrode on nickel-foam substrate has a porosity of
75.4%. From GCD analysis showed that the symmetric
coin cell device of 10% AlLOs/AC have optimum
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electrochemical performance, such as 50.1 Fg!' for
specific capacitance, 17.9 Whkg! for energy density, and
331.0 Wkg' for power density. Symmetric coin cell
device of Si/CB electrode showed specific capacitance of
24.6 Fg!, energy density of 10.7 Whkg!, and power
density of 313.5 Wkg!. The supercapattery device of 10%
Al,O3/AC // Si showed good performance with a specific
capacitance of 105.8 Fg!, an energy density of 46.3
Whkg™!, and a power density of 336.7 Wkg™..
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Nomenclature
D crystal size (nm)
Cs specific capacitance (Fg!)

PD power density (Wkg™!)
ED energy density (Whkg™)

vV voltage (V)
t time
Greek symbols
A wavelength (nm)
B FWHM (-)
0 Bragg angle (degree)
K Scherrer constant
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