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Current trends suggest that as manufacturing and energy demand increase, there will be a greater con-
sumtion for energy storage, requiring its utilization for days, weeks, or even months in the future. Recent
studies also need to be conducted on binders that could support electrode performance, considering that
binders are also a crucial component of the electrochemical processes in cells. In this study, activated
carbon-based supercapacitor electrodes were fabricated using three different binders: PVDF, SBR, and
LA133. With a gravimetric capacitance and power density of 52.57 Fg ' and 92.64 W kz ', and a lifetime

ﬁ:’é‘;ﬂisr up to 87.23% after 1000 cycles, AC/CB LA133 has the best performance. LA133 was used as a binder to
Activated Carbon generate a Ni/Si composite as a battery electrode combined with the AC/CB LA133 supercapacitor to fab-
Nickel ricate a supercapattery. This clearly shows that when a suitable binder such as LA133 is used, the elec-
Silicon trochemical performance could be improved.

Supercapacitor © 2023 Published by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article
Battery under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd 4.0/).
Supercapattery

1. Introduction |G|. Therefore, the principles of both systems have led to the devel-

The demand for energy technologies in modern society has
been steadily rising over the past few years because of the growing
pressure on energy consumption |1]. Fossil fuels are now exten-
sively used worldwide, but they have caused a ber of issues
collectively known as the energy crisis [2]. Owing to the continual
use of non-renewable fossil fuels and concerns about global warm-
ing, the proportion of the world's electricity demand is changing
dramatically |3]. Hence, there is a great concern to manufacture
affordable and environmentally friendly materials for high-
performance energy storage devices because the general public is
going to face many risks, such as climate change, depletion of
resources, and environmental carbon emissions [4]. Innovative
technologies that are already used, such as electric vehicles (EVs),
help to minimize electricity costs and optimize energy consump-
tion | 5] and home energy management systems {HEMS), which fo-
cus on regulating and controlling energy consumption in houses
—
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opment of various energy storage technologies, including superca-
pacitors, batteries, fuel cells, and ultracapacitors |[7-10].

The fundamental components of an energy storage device are -
two electrodes (cathode and anode), which are separated by a sep-
arator, and an electrolyte (a substance that conducts ions but is
electrically insulating, forms insolid, aqueous, and gel forms)
|11]. To ensure that the electrode material sticks to the current col-
lector during the charge-discharge process, these electrodes are
typically fabricated using several binders. The binder is an impor-
tant part of an energy storage system because a compact frame-
work of the active material is required for energy storage to
exhibit good physical and chemical properties [12]. Some binders
used in energy-storage devices are polyvinylidene fluoride (PVDF),
carboxymethyl cellulose (CMC), styrene butadiene (SBR), and poly-
acrylic latex (LA133) [13-15]. Thus, it is crucial to choose the
appropriate binder to ensure that energy storage devices perform
well.

Electrodes are essential components of energy storage systems.
They primarily consist of materials with good electrical properties
and stability [16], low cost [17], wide availability [18], and high
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redox reaction materials [19]. Many energy storage systems use
activated carbon because of its high specific surface area [ 20], hier-
archical porous structure [21], and high physical and chemical sta-
bilities [22]. Activated carbons are used as supercapacitor
electrodes to ensure unhindered ion transport at rapid charge-dis-
charge rates because of their large surface area for electrolyte ion
adsorption and readily accessible pore structure [23]. Based on
the ion adsorption between the electrode and electrolyte interface,
activated carbon exhibits the behaviorof Electric Double Layer
Capacitor (EDLCs) [24]. Micropores and rod-like activated carbon
electrodes exhibited a specific capacitance of 365F.g~", with an
ultra-high power density of 600 W.kg~! and could maintain up
to 94.8% capacitance after 10,000 cycles [25]. The fast charge/dis-
charge (high power density) and extremely long cycle life of acti-
vated carbon electrodes is one of the major characteristics of
supercapacitors [26-29].

On the other hand, batteries have emerged as the most captivat-
ing energy technology owing to their high energy density [30],
flexibility [31], ease of handling[32] and long life time stability
|23]. One of the most impressive anode materials for the upcoming
generation of lithium-ion batteries is silicon, which has been
extensively studied because of its incredibly high theoretical
capacity (4200 mAh.g ') [34], low potential (0.4 V vs. Li/Li* [35],
and widespread availability [36]. Silicon (Si) has been hailed as
one of the most significant near-term advances in Li-ion battery
technology to replace graphite, resulting in a higher energy density
|37]. The self-healing binder and even a silicon anode demonstrate
supaor electrochemical performance and outstanding high stabil-
ity, delivering a high discharge capacity of 3744 mAh.g ' at a cur-
rent density of 420 mA.g ! and facilitating a stable cycle life with a
high capacity retention of 85.6% after 250 cycles at a high current
rate of 4200 mA.g ' [38]. However, the commercial use of silicon
materials is significantly hindered by the significant volume
change that occurs in silicon during cycling [39]. This volume
change results in irreversible capacity loss and the destruction of
the electrode structure [40]. Numerous approaches have been pro-
posed in recent years to address the drawbacks of Si.

Nickel (Ni)-based materials are considered potential candi-
dates for energy storage devices because of their distinct perfor-
mance characteristics, inexpensive[41], incredible amount [42],
and high capacity [43]. Nickel is fiercely competitive but is fre-
quently ignored. Ni metal can be managed without additional safety
precautions because it is chemically stable in both air and water
|44,45]. The highest volumetric capacity was obtained for nickel
(8136 mAh cm3. For thermal safety, particularly in the event of
short circuits in large-scale energy storage devices, its high melting
point is advantageous. More importantly, nickel is not likely to pro-
duce nickel salts or dendrites as by products [46|. The electrochem-
ical capacity of nickel-doped mWO3 is 1287/1012 mAh.g ' at
100 mAg ', and it has a good cycle life (capacity retention of
79.60% after 500 cycles) and rate capability (650.2 mAh.g ') even
at larger current densities (1000 mA.g ') [47].

In this study, Ni-Si-based composites were generated as battery
electrodes, with the potential advantages of both materials and
their respective drawbacks. The Ni-5i composite was used as the
anode (representing high energy density as a characteristic of bat-
tery) and activated carbon was used as the cathode (representing
high power density as a beneficial supercapacitor). Thus, the com-
bination of these two systems can produce a high-performance
device known as supercapattery. Supercapattery, which integrates
the beneficial performances of both batteries and supercapacitors,
was introduced in 2011. The creation of a hybrid device has the
advantage of producing high energy by combining a battery-type
material with the ability to deliver high power from
supercapacitor-type materials. Supercapattery devices are consid-
ered suitable as energy sources for scalable and self-recharging
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leadless implantable devices because the combination of the two
mechanisms may increase the cell voltage and enhance the cell
lifetime. This report demonstrates the possibility of using superca-
patteries in implantable devices. With such remarkable character-
istics, efficient electrode materials are still required to enhance the
supercapacitor performance. A supercapattery formed of Ni@Cu/
W53 as the positive electrode and activated carbon as the negative
electrode achieved a specific capacity of 185.8C/g, showing a high
energy density and power density of 439 Wh/kg and 425 W/kg,
respectively [48]. In another study, Ni manganese sulfide was com-
bined with activated carbon to design a supercapattery ( Ni-Mn-5/
AC). This combination produced a high capacity (420.10C/g) with
the highest energy density of 75.96 Wh/kg [49].

The reported data encourage further insightful research in the
area of energy storage. Therefore, a comparison of various binders,
including PVDF, SBR, and LA133, which are used as binder-
activated carbon supercapacitor electrodes, was conducted in this
work. Supercapattery will be fabricated by using carbon based as
anode and Ni-5i as cathode [50]. The optimum performance binder
will be used as the negative electrode of the supercpattery, with
the Ni-Si composite as the positive electrode. The supercpattery's
electrochemical performance will also be evaluated using a variety
of structural and physicochemical characterizations. Practical
implementation of a proper binder, good electrode material, and
a suitable electrolyte can result in energy storage devices with high
electrochemical performance.

2. Materials and methods
2.1. Materials

The chemicals used The chemicals used in this work (from mul-
tiple companies) were of analytical grade and used without purifi-
cation: activated carbon (AC, CGC, Bangkok, Thailand), carbon
black (CB, Imerys, La Hulpe, Belgium), Silicon and Nickel (5i and
Ni, Sigma Aldrich, Burlington, MA, United States), polyvinylidene
fluoride (PVDEF, Sigma Aldrich, Burlington, MA, United States),
dimethylacetamide {DMAc, Sigma Aldrich, Burlington, MA, United
States), styrene butadiene (SBR, Alibaba, China), acrylic latex
(LA133, Alibaba, China), tetraethylammonium tetrafluoroborate
(Et4,NBE,, Gelon, Shandong, China), acetonitrile (ACN, Merck,
Darmstadt, Germany), and deionized water. Coin cells set were
purchased from a TOB machine (Fujian, China).

2.2, Synthesis of activated carbon supercapacitor electrode

The activated carbon electrode was prepared using a simple
mixing method with a mass ratio of the active material (activated
carbon), conductive material (carbon black), and binder of 8:1:1.
Initially, PVDF was dissolved in dimethylacetamide (DMAc), while
SBR and LA133 were dissolved in deionized water to form a white
solution. The binder solution was stirred for 1.5 h to ensure that no
bubbles formed during mixing. Activated carbon and carbon black
were then added to the binder solution to form a paste electrode.
The electrode paste was deposited on an aluminum foil substrate
using a Dortor blade and dried at 50 °C for 24 h.

2.3. Synthesis of Ni-5i composite for battery electrode

Along with the supercapacitor electrode, Ni-Si composite was
synthesized by a simple mixing method with a mass ratio of active
material (Ni (80%), 5i(20%)), conductive material (carbon black),
and binder (LA133) of 8:1:1. LA133 was dissolved in deionized
water for 1.5 h to obtain a binder slurry, which was then gradually
filled with active and conductive materials. The resulting paste was
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stirred at room temperature. The nickel foam substrate was soni-
cated with alcohol for 1 h and dried at 100 °C 1 h. The paste was
then deposited onto the nickel foam using a micropipette with vol-
ume of (20 pl) for all variations. The electrodes were dried for an
hour in an oven at 100 °C.

2.4. Assembly of the supercapacitor and supercapattery devices

The active material mass loadings (areal density) of each elec-
trode in different binder is significantly lower than 10 mg/cm?.
AC electrode in three different binder of LA133, SBR, PVDF has areal
denisty of 5.73 mgf/cm? 5.41 mg/cm?, 6.05 mg/cm? respectively.
The AC electrode was cut into a circle with a diameter of 2 cm,
while the Ni-Si electrode was pressed and soaked in an organic
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electrolyte 1.0 M Et,NBF, for 24 h. After all electrodes were pre-
pared, a supercapacitor and supercapattery was fabricated. Super-
capacitor was fabricated by arranged two AC electrode
symmetricly. In another hand, An AC electrode was used as the
negative electrode and a Ni-Si composite was used as the positive
electrode for fabricated supercapattery. Both electrodes were
placed in coin cells (LIR2032) along with a cloth fiber separator.
A small amount of 1.0 M Et,NBF, and pressed. The cell was ready
for measurement using electrochemical equipment.

2.5, Characterization

An X-Ray diffractometer (XRD, PAN Analytical X'Pert PRO, Mal-
vern Panalytical, Worcestershire, United Kingdom) and Raman
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Fig. 1. X-ray diffraction patterns of (a) Activated carbon thin film electrode in vanous binder (LA133, SBR, PVDF), and (b) Ni, 5i and NifSi powder composite.
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spectrometer were used to characterize the structural information
of each material. Scanning electron microscopy (SEM, Inspect 550,
FEI Company, Hillsboro, OR, USA) was used to analyze the mor-
phology of the film electrode and Ni and 5i powders. Nitrogen
adsorption and desorption at 77 K with ASAP2460 (Micromitics,
Hexton, United Kingdom) and Quantachrome 3.0 were used to
characterize the porous structures of each material and film com-
posite. The multi-point Brunauer-Emmett-Teller ( BET) method and
Barrett-Joyner-pore Halenda (BJH) size distributions were used to
calculate the specific surface area (BJH). Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were per-
formed for electrochemical measurements in a two-electrode sys-
tem (PGSTAT302ZN, Metrohm, Herisau, Switzerland). The voltage
window for the CV measurements was 0-2 V, and the scan rate
ranged from 10 to 100 mV.s~'. A frequency range of 100 kHz to
10 MHz was used for the EIS analysis. Galvanostatic charge-dis-
charge was another factor that defined the electrochemical perfor-
mance (GCD, BTS4000, Neware, Shenzhen, China). GCD cycles were
performed with cutoff voltages ranging from 0 to 2.6 V and current
densities ranging from 0.1 to 1.5 Ag~ !, GCD cycles were performed.

2.6. Calculation

The crystal size is obtained using the Debye-Scherrer equation,
which is expressed in equation (1);

_ Ki

~ ficosdl

(1)
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where D is the size of the crystal in nanometers, K is the form factor,
3 is the wavelength of the XRD graph, p is the FWHM generated
from the XRD graph, and 8 is the Bragg angle.

Afterwards, the surface area determined by BET measurement
was calculated using Equation (2) from the t-plot method [|51]]:

X 1 C-1
W] - X] - Cx Wml " [c x wmle {2]
Wi is the mass of adsorbate required to form a complete mono-
layer on a specific sample, where W is the mass adsorbed at the rel-
ative vapor pressure and x = P/Po (P and Po are the actual and
saturated vapor pressures of the adsorbate, respectively). The heat
of adsorption differences between the first and second or higher
layers are expressed by the constant C, which is temperature- and
first-layer heat of adsorption-dependent.

The gravimetric capacitance (C, F.g~') was determined by calcu-
lating from the galvanostatic charge-discharge using Equation (3)
[152,53]]:

o AA

T mAV 3

where | is the constant discharge current (A), At is the discharge
time (s), m is the mass of the active material (g) on the two elec-
trodes, and AV is the voltage difference (V) excluding the ohmic
(IR) drop.

The gravimetric specific energy density (E, Wh kg ~') and power
density (P, W.kg ') of the cells were calculated using Equations (4)
and (5), respectively [|52,53]]:

Fig. 3. SEM image of (a) Nickel {100.000x), (b) Silicon {100,000}, (c) NifSi deposited on nickel foam substrat {250x) and (d) NifSi electmode surface morphology (50.000x).
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where C is the gravimetric specific capacitance of the cell, AV is the
voltage change during the discharge process after the IR drop, and
At is the discharge time (s).

3. Results and discussion

The structure, size, and phase of the materials were examined
using XRD using Cu-Ko radiation with a wavelength of 1.54060 A
and a diffraction angle range of 10 °to 90°. Fig. 1a shows a graph
of the diffraction patterns of activated carbon electrodes with dif-
ferent binders. The amorphous structure indicates the activated
carbon dominates the film electrode. The peaks of activated carbon
diffraction are shown at 20 = 65° and 78.49° associated to the
respective Bragg's planes of (122) and (220) [54,55]. The high
specific surface area and specific capacitance of activated carbon
are both a result of its amorphous structure [56].

Ni, Si, and thin films of Ni/Si composites generated diffraction
patterns, as shown in Fig. 1b. Ni peaks exist with the Bragg's plane
of(111), (200}, and (202), in accordance with 20 = 28.49°, 44.56°,
51.92° and 77.04° (JCPDS 04-850). On the other hand, the existing
silicone is indicated by (111),(202},(131), and (24 2) planes at 20
of 28.49, 47.35°, 56.19°, and 88.11°, respectively (JCPDS 27-1402).

Materials Science for Energy Technologies 6 (2023) 368-381

Lower intensity diffractions the comoposite were obtained when
comparing the Ni/Si thin films to those made of pure Si and pure
Ni. These peaks reduction may caused by a small amount of amor-
phous phases of binder and other conductive material such as car-
bon black |57 |. The crystal sizes of Ni, 5i, and Ni/Si were calculated
based on the Debye-Scherrer on equation 1. However, the crystal
size of S5i nanoparticle’s is 13.4 nm, nickel nanoparticles is
14.82 nm and the crystal size rises to 154 nm when the both are
combined to generate a Ni/Si composite. Commercial Si has a
slightly smaller crystal size (26-330 nm) than self-synthesized Si
|58]. Ni also has a crystal size smaller than 20 nm when produced
by MaBH, synthesis [59]. The performance of supercapacitors may
be impacted by considering an ideal electrode with an appropriate
crystalline size. The performance of supercapacitors is significantly
enhanced by their small crystal size. The smallest ZnO crystalline
size, 15 nm, showed significant reductions in charge transfer resis-
tance compared to bulk ZnO (0.5 wm), resulting in good fardic
behavior |60].

The Raman spectra of the AC-CB LA133 and Ni-Si composites
are shown in Fig. 2a at characteristic peaks of 13455 cm~! and
1597 cm !, where the D band contains Sp® carbon and the G band
contains Sp” carbon [61,62]. The structural level of the graphic
structure was evaluated using the integral ratio (Ip/lg) [62]. The
ratios of the Ni-Si composite and the AC-CB LA133 are 097 and
0.99, respectively. Additionally, Ni-Si performed better because it
had a higher level of graphitization based on the I/l ratio.

The absorption functional groups of the binder variations
shown in Fig. Zb are identified using FTIR measurement. O0-H func-

Fig. 4. Surface morphology in the 20.000x magnification of activated carbon electrode in different binder (a) FVDF, (b} SBR, {c) LA133, and electrode cross section morphology

(2000x ).
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Table 1
The BET parameter of AC/CB and Ni/Si composite (syrface area, pore volume and pore
size),

Sample Sperlm’g ) Vi (g 1) Pore Size (nm)
AC[CB PVDF 804,69 0.49 3.87
AC[CB SBR 851.84 0.42 3.87
AC[CB LA133 787.43 0.45 3.87
Nifsi 13.05 0.15 93.87

tional groups are present in PVDF binders with a wave number of
3880.87 cm ', C-H functional groups with a wave number of
3000 cm !, C-N functional groups with a wave number
of 2294.57 em™?!, C=0 functional groups with a wave number of
1746.59 cm !, and CF; functional groups with a wave number of
606.06 cm ™' [64]. Wave numbers for the SBR binder include
2250 cm™ ! fora CN functional group, 1580.58 cm™ ! for a C=C func-
tional group, and 142149 cm ™' for a CHs functional group |65].
The LA133 binder, on the other hand, has wave numbers of
3651.84 cm™! for an O-H functional group, 1746.59 cm™! for a
C=0 functional group, 1262.4 cm~! for a C-O functional group,
and 842 cm™! for a C-C functional group |G6].

Fig. 2¢ shows the absorption function of the thin film on the AC-
cathode electrode. The O-H functional group in AC-CB PVDF has
a wave number of 3727.93 em ', the C-H functional group has a
wave number of 3000 cm ', the C-N functional group has a wave
number of 2300.72 cm !, the € = C functiorngroup has a wave
number of 1752.74 cm !, the 1.3-butadiene functional group has
a wave number of 1500 cm !, and the CH, functional group has
a wave numhenf 943.45 cm ! [67]. The O-H functional group in
AC-CB SBR has a wave number of 3727.93 cm !, the C-H functional
group has a wave number of 3000 cm !, the C-N functiaal group
has a wave number of 2300.72 cm ', the 1,3-butadiene functional
group has a wave number of 1500 em ', and the CH; functional
group has a wave number of 94345 cm ' [68]. In contrast, the

wave numbers for AC-CB LA133 are 1682.8 cm ™' for the functional
group C=C and 943.45 cm™' for the functional group CH [69].

The absorption functional groups observed in the Ni-Si anode
thin films are shown in Fig. 2d. Ni has wavenumbers of 1500 cm-
1 for the functional group C-0 and 3734.07 cm ! for the functional
group 0-H [70]. Si has a wavenumber of 3644.92 cm ! with a func-
tional group of O-H, a wave number of 2358.36 cm ™! with a func-
tional group of C-N, a wave number of 119246 cm ' with a
functional group of C-C, and a wave number of 809.72 cm™' with
a functional group of CH; [71]. Ni-5i has wave numbers of
3000 cm ™! for an O-H functional group, 2319.93 cm™! for a C-N
functional group, 1268.55 cm™! for a C-O functional group, and
937.3 cm ™! for a CH, functional group | 72].

SEM was used to examine the surface morphology. Fig. 3 depicts
the surface morphology of the Ni, Si, and Ni/Si composites depos-
ited on the nickel foam. Ni particles with an average size of
140.54 nm are represented in Fig. 3a as perfectly spherical. In addi-
tion, the Ni particles behave a disperse type. The results are in line
with earlier research, which suggests that nickel powders ground
in planetary ball mills have a range of particle sizes between
53.8 and 1832 nm [73]. The Si particles in Fig. 3b, in contrast to
the Ni particles, appear to be slightly agglomerated in several ar-
eas. 5i is not perfectly spherical in shape with an average particle
size of 55.43 nm. The results for Si particle size are consistent with
those of Si for wastewater treatment, which suggests that the 5i
particle distribution ranges from 200 to 800 nm |[74|. The sur-
face morphology of the electrode after the Ni/Si composite was
formed and deposited on a nickel foam substrate as a supercapat-
tery positive electrode material is shown in Fig. 3c. The Ni/Si com-
posite paste barely covered the Ni foam pores, which were clearly
discernible. The pores of nickel foam provide many advantages,
such as mechanical flexibility [75], high porosity in electrolyte
ion absorption |76], rapid electron transport, and fast ion diffusion
|77]. When Fig. 3c is magnified up to 50,000= and transformed
into Fig. 3d, the electrode surface can be observed more clearly.
Therefore, different components of the electrode were easily visi-
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ble. The spherical shape of the Ni particles makes them observable.
The conductive material, carbon black, is uniformly distributed
with respect to Ni and 5i.

The SEM images in Fig. 4 show the surface morphologies of
the activated carbon electrodes with different binders. Fig. 4a-
¢ does not appear to be significantly different from each other.
The activated carbon bulk and binder particles differ signifi-
cantly, even though different binders are used. The activated car-
bon was uniformly covered by a binder. The electrode paste was
homogenously deposited with a thickness of 36.55 um, as shown
in Fig. 4d.

Porosity is an important factor that determines the electro-
chemical performance of a sample. Porosity of the materials inter-
connected with electrolyte would affect the supercapacitor's
ability to store energy | 78,79 . The performance of supercapacitors
can be improved by increasing the pore size of the material [80].
Moreover, the effectiveness of an electrode can be affected by the
electrolyte used [81|. The electrochemical performance that occurs
within the cell will be faster and more efficient if the size of the
ion electrolyte and the pore size of the electrode material are suit-
able. Therefore, measurements of nitrogen adsorption and desorp-
tion on composite film electrodes are necessary. Fig. 5a, b shows
the adsorption-desorption isotherm curves of the AC/CB electrode
for various binders and Ni-5i composite electrodes. According to
the International Union of Pure and Applied Chemistry (IUPAC)
classification, the AC/CB electrode isotherm curve (Fig. 5a indicates
a type IV classification for typical mesoporous materials | 82 |. Com-
pared to the Ni-5i composite electrode, the isotherm curve in
Fig. 5b exhibits a type Il classification with typical macropore

Composite
Electrode
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materials [83 . Micopores were indicated by the AC/CB electrode at
moderate relative pressures (P/P0 = 0.5-0.8) |84 . Additionally, a
relatively high increase in isotherm adsorption (P} PO = 0.9-1.0)
indicated athe lack of macropores [85]. The Ni-Si composite (/PO
= 0.5-0.8) at moderate relative pressure indicates the presence of
mesopores |86]. In contrast, a relatively large increase in isotherm
adsorption (P/PO = 0.9-1.0) indicated the absence of macropores
|87].

Fig. 5¢, d displays the pore size distribution of the two sam-
ples. The identical 3.87 nm pore size of AC/CB demonstrates that
the pore size is mesoporous (>2 nm). In contrast to AC/CB, the
Ni/Si composite has a pore size of 93.87 nm, belonging to the
macropore pore size (>*50 nm) |88|. Furthermore, there are sig-
nificant differences in the surface area and the pore volume as
list on Table 1. The surface area of AC/CB, calculated by equation
2, ranges from 787.43 to 895.69 m?g ', While the surface area of
the Ni/Si composite is much lower, at 13.05 m?g~'. This distin-
guishes bothas being very different. A large surface area can
exhibit lots of active sites [89], and shorten the ionic transfer
path and enable rapid capacitive ion storage [90]. The statement
that a supercapacitor has a high-power density with excellent
electrochemical performance is supported by the large surface
area of AC/CB. On the other hand, even though Ni and Si are bat-
tery materials that have been widely used, judging from their
surface area, it is necessary to combine them with other materi-
als, including AC/CBto get good electrochemical performance.
This is the main principle of the supercapattery, which combines
batteries and supercapacitors with their complementary benefits
and drawbacks.

Cathode

Substrate

Fig. 6. Schematic illustration of AC/CB supercapacitors electrode with various binder (PVDF, SBR, LA133) and the EDLC mechanism.
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The electrochemical performance of supercapacitors can be
determined by conducting a two-electrode system in a coin-cell
device. The equipment used included cyclic voltammetry and gal-
vanostatic charge/discharge. Cyclic voltammetry measurements
were performed at a voltage of 0-2 V at scan rates of 10, 50, 80
and 100 mVs~'. The CV curves of the supercapacitor electrodes
AC/CB in several binders and supercapattery Ni/Si [/ AC/CB LA133
with a voltage in the range of 0-2.0 V are shown in Fig. 7. With a
scan rate modification of 10 to 100 mVs~' (Fiz. 7a, the AC/CB
LA133 demonstrated a semi-rectangular (quasi-rectangular) CV
curve, whereas the AC-CB PVDF and SBR did not exhibit the square
shape typical of supercapacitors [91]. The semirectangular CV
shape represents one type of supercapacitor: the electric double-
layer capacitor (EDLC). This is because carbon materials, which
are present in EDLC materials as shown in Fig. 6, make up the
majority of the electrode composition [92|. Even though all three
are composed of carbon, a very noticeable difference can be seen
in the area of the CV curve. Compared with AC/CB PVDF and 5BR,
which have almost the same CV curve area, AC/CB LA133 has a
much larger CV curve area. The specific capacitance increased as
the area of this curve increased, suggesting that the electrode could
store more charge [93]. At scan rates of 50-100 mVs ™!, shown in
Fig. 7b, the curve is remarkably well built and uninterrupted, indi-
cating an increase in electron conduction in the electrode that sup-
ports rapid charge diffusion and, as a result, excellent and stable
capacitive performance [9495]. However, as the scan rate
increased, a change in shape was observed from the entire curve.
The semi-quasi-rectangular shape was sustained at scan rates of
10 and 20 mVs . Because of insufficient electrolyte ion diffusion,
the curve is more likely to point at the tip when the scan rate is
between 50 and 100 mVs_; [96,97]. Because of the inability of elec-
trolyte ions to enter the pores of the active material at high scan
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PVDF, SBR, LA133, (b) AC/CB LA133 at a scan rate of 10, 50, 80, 100 mVs ', (¢) Ni/Si composite at ascanrate of 10 and 100 mVs A

rates, the electrochemical reaction screws up [98]. According to
the CV results, the AC/CB LA133 electrode significantly outper-
formed other electrodes. Therefore, the LA133 AC/CB electrode
was used as the negative electrode of the supercapacitor, as the
representative side of the supercapacitor. Utilizing AC/CB LA133
as the cathode provides high power density because of the electri-
cal double layer that expands between the electrolyte and acti-
vated carbon [99].

The supercapattery battery-side electrodes were made of a Ni/5i
composite, and their CV curves are shown in Fig. 7c. Compared to
the previous carbon-based CV curve, the Ni/Si composite CV curve
had a significantly different shape. The battery CV curve has a
redox shape with peaks similar to those shown in Fig. 7c, which
is characteristic of the battery material [100]. CV tests were carried
out at various scan rates (from 10 to 100 mVs~') over a potential
range of 0-2.0 V to further compare the electrochemical kinetic
properties of the supercapattery Ni/Si /| AC/CB LA133 (Fig. 7d). Fol-
lowing increases in the scan rates, peak shifts can be observed in
the CV curves in relation to the tw samples. These characteristics
indicate polarization of the electrode [101]. In the analysis of the
CV curves of supercapattery Ni/Si | AC/CB LA13, a high current
response was observed along with two redox peaks, which were
primarily caused by the Faradaic response of the electrodes in
the as-developed state in the aqueous electrolyte solution, which
corresponded to the material's typical battery-like behavior. It
was observed that as the scan rate was increased, the current
response exhibited uniform CV curve shapes, demonstrating the
excellent reversibility of the active electrodes with battery-like
capabilities during the faradaic reaction [102|. These reactions
occur when the working electrode interacts with the elec-
trolyte ions. The two wider peaks, which show oxidation and
reduction peaks, indicate that their redox potentials are close to
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one another.ﬁe shift in the horizontal and vertical peaks, whichis
inversely prop@Rional to the increase in scan rate, can be used to
determine the fast reaction rate of the electrode-electrolyte inter-
actions [ 103].

The electrochemical performances of the supercapacitor and
supercapattery devices were also evaluated using galvanostatic
charge-discharge. All of the binders' AC/CB supercapacitor GCD
curves in Fig. 8a-c exhibit a triangular shape that is particular to
EDLC because activated carbon acts as the active component
| 104]. The triangle-shaped GCD curve demonstrates that the super-
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capacitor has good reversible charge-discharge stability [105].
Despite having the same shape, they differed in terms of discharge
time. AC/CB LA133 has a discharge time of>500 s, which is longer
than that of PVDF and SBR. According to equation 3, the discharge
time is directly correlated with the gravimetric capacitance; there-
fore, the discharge time has an impact on the supercapacitor's per-
formance. Therefore, the gravimetric capacitance increased as the
discharge time increased.

The electrochemical performance parameter values for AC/CB-
based supercapacitor devices with different binders in Table 2
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Table 2
Comparative value of supercapacitors capacitance, energy density and power density.
Sample Gravimetric Gravimetric Gravimetric
Capacitance Energy Density Power Density
(Fe ') (Whkg') (Wkg ")
AC(CB PVDF 4419 4.99 90.30
AC(CB SBR 4741 471 8452
AC(CB LA133 5257 6.27 092,64

show that the LA133 binder was the best binder. By calculating the
electrochemical parameters (equation 3-5), AC/CB LA133 had the
highest gravimetric capacitance of 52.57 Fg~ ! with an energy den-
sity and power density of 627 Whig ' and 92.64 Whkg ',
respectively. In contrast, the performances of the AC/CB PVDF
and SBR were still lower than that of LA133, with gravimetric
capacitances of 44.19 Fg~' and 47.41 Fg ', respectively.
Typically, the following @#8tors contribute to the electrochemi-
cal loss of the electrodes: [g the pulverization, over-charge, and
discharge of electrode materials; (2) the formation of SEl films dur-
ing the cycle process on the electrode surface; (3} decomposition of
the electrolyte solvent during the discharge process; (4) irre-
versibleé’Zide reactions because the electrode was unable to com-
pletely remove all; and (5) the slurry fell off the substrate after
the charge-discharge cycles | 106-108|. Here, the AC/CB PVDF elec-
trode is expected to fall from the aluminum foil through the
charge-discharge process. As reported in previous research, the
MnCo,0, electrode with PVDF as the binder showed poor cycle
performance and was predicted to be impacted by the fifth factor
above [109]. Polyvinylidene fluoride (PVDF) is the most widely
used binder for electrodes because of its excellent electrochemical
and thermal stability. PVDF's application of PYDF was constrained
by some shortcomings such as the preference to swell at high tem-
peratures and the necessity to dissolve in an organic solvent such
as N-methyl-2-pyrrolidone  (NMP), N N-dimethylacetamide
(DMAC), or N, N-dimethylformamide (DMF) [110]. The most typical
organic solvent is known to be costly, volatile, combustible, toxic,
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poorly flexible, and poorly recyclable [111,112]. However, ge
unsaturated bond in SBR is oxidized at high potentials, making
SBR. unsuitable for use in cathode electrodes [113]. In contrast to
PVDF and SBR, due of its lower cost, better solubility, and environ-
mental friendliness, LA133 has been successfully used in the fabri-
cation of electrodes | 114,115]. It may also replace NMP with water,
which provides the electrodes with excellent cycling ability and
mechanical stability. The highest electrode was the AC/CB LA133
electrode, which may be a result of the LA133 binder's high con-
centration of polar -CN groups and strong intermolecular force.
This feature of the LA133 binder is widely utilized in a variety of
positive and negative materials [116].

AC/CB LA133 was subjected to various current densities, specif-
ically in the range of 0.5-2 Ag ', generating the charge-discharge
curve displayed in Fig. 8b. The narrower curve, which is defined by
a faster discharge time, clearly shows the effects of different cur-
rent densities. However, the shape of the curve is still triangular
and does not change, indicating that the reversible electrochemical
reaction takes place inside the cell [117]. In addition to various cur-
rent densities, AC/CB LA133 was tested between 2 and 2.6 V poten-
tial windows. As a result, AC/CB LA133 maintained the triangular
shape of the curve (Fig. 8c) while surviving up to 2.6 V. This typical
behaviour was due to the organic electrolyte used as the elec-
trolyte. Et4NBE, is an organic electrolyte that has the advantage
of producing a wider voltage window, ranging from 2.5 to 28 V
|118]. AC/CB LA133 could achievé&figh voltages (2.6 V) with gravi-
metric capacitance, gravimetric energy density, and gravimetric
power density, respectively of 88.86 Fg~!, 1742 Whkeg !, and
247.92 W.kg ', The stability of the electrochemical ormance
of AC/CB LA133 was measured using charge-discharge at a current
density of 1 Ag~! for 1000 cycles (Fig. 8d) and 100 cycles to com-
pare between the binder performance (Fig. 8e). The results demon-
strated that the AC/CB LA133 cell had a cycle life of up to 87.23%
after 1000 cycles. This clearly demonstrates the excellent perfor-
mance of AC/CB LA133 as a supercapacitor.

To clarify the energy storage capabilities of Ni/Si and AC/CB
LA133 as supercapattery electrodes, GCD analysis was performed.

1

Cathode

Fig. 9. Schematic illustration of electrochemical mechanism in supercapattery devices by combining two different storage processes based on activated carbon cathode and

NifSi composite as anode.
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Fig. 10. Charge discharge curve of (a) AC/CB LA133 compared to NifSi [{ AC/CB LA133 and (b) stability of supercapattery for 100 cycles.

Only faradaic electroactive structures have been discovered and
studied for pseudocapacitive applications; however, in recent
years, most electroactive materials have been examined to reveal
battery-type nonlinear characteristics during GCD analysis in
organic electrolytes. As shown in Fig. 10a, a GCD analysis was per-
formed at an applied potential of 2 V with current densities of 0.1
Ag~! for both electrodes. The shapes of the two curves are dis-
tinctly different. Owing to the presence of Ni/Si, the curve began
to re ble the characteristics of the battery. At the end of the
curve, the formation of a double layer at the interface of the elec-
trode and electrolyte causes the GCD curves to exhibit some linear-
ity; however, the major nonlinear component in the beginning
curves indicates redox reactions in the process, incorporating the
two storage processes, as shown in Fig. 9 [119]. The GCD of Ni/Si
/| AC/CB LA133 then primarily exhibits battery-type behavior and

mall amount of EDLC from activated carbon, which is typically
an inverted sharp "“V" type plot | 120|. Additionally, it should be
noted that the discharge time of the Ni/Si /| AC/CB LA133 electrode
is considerably longer than that of the intrinsic AC/CB LA133 elec-
trode, indicating a higher capacity of the supercapattery electrode.
The Ni/Si /[ AC/CB LA133 supercapattery exhibit 16.46 Fg~'. These
results are obtained by computing the supercapattery gravimetric
capacitance without using the multiplier factor of 4 in equation
3, which will cause the value to be smaller. Even so, further
research is required to maximize the performance of supercapaci-
tors that use Ni/Si materials as the battery side and LA133 as the
binder. The results of this study serve as a starting point for this
kind of research. Fig. 10b illustrates the stability of the GCD super-
capattery curve, which represents a linear curve with a mini-
mal shape change for 100 cycles, indicating good electrochemical
performance.

This good performance was also due to the LA133 binder used
in the Ni/Si composite. LA133, which has historically been praised
for its reliability at various voltages for anodes and cathodes,
degraded in every test. This is because the cyano group and slight
OH- evolution at the electrode surface interact to form a carboxylic
acid group, which increases the solubility of the binder in the elec-
trolyte | 113 ]. Polymeric binders, such as PVDF (homopolymer) and
SBR (copolymer), have weak interactions with Si. However, PVDF
or SBR binders with low binding ability result in severe pulveriza-
tion of Si particles, large electrode expansion, and inappropriate
cycling performance of cells when faced with the incredibly large
volume expansion of Si-based anodes [121].

4. Conclusions

In-depth research has been conducted to determine which bin-
ders are preferred for supporting the performance of activated
carbon-based supercapacitors. After 1000 test cycles, the results
indicated that LA133 was the best binder with good performance
stability. This is inextricably linked to the function of the -CN
group, which tends to make the binders and electrolytes more sol-
uble. The electrochemical performance rises to 65.85 Fg~! when it
is utilized as a binder for Ni/5i battery electrodes and combined
with AC/CB LA133 to generate a supercapattery. This demonstrates
that the LA133 binder is appropriate for supercapattery to achieve
the highest electrochemical performance.
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