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m INTRODUCTION

The requirement for electrical energy in modern life
has grown significantly [1], which has led to high use of
fossil fuels and an increase in environmental degradation
[2-3]. As an energy storage technology, batteries can reduce
fossil fuel use. However, batteries have a reasonably small
power density, are heavy, heat quickly, are toxic, and require
quite a long time to charge [4]. Supercapacitors, as an
energy storage technology, present a viable solution due to
their distinct advantages over batteries, including resistance
to high temperatures, high energy density, rapid charging
capabilities, and environmental friendliness [5-6].

Since natural polymers have special qualities in
terms of power and service life that can last a long time
and are environmentally friendly, they can be a promising
substitute for creating supercapacitors as efficient energy
storage devices [7]. It has attracted the attention of the
government and academic researchers to create energy
storage devices with high capacity, especially from
Due to the
presence of polar groups with unpaired electrons in their

natural-based biomaterial sources [8].

ionic conductivity, research on supercapacitors utilizing
natural polymers like cellulose acetate (CA) has shown
promise as an energy storage material while also
maintaining a low specific capacitance as an electrode
material [9].

CA can be synthesized from cellulose. CA may be
effectively processed into membranes, films, and fibers
and is inexpensive to produce. It also has strong
mechanical stability and is non-toxic [10]. Many plants
have the potential to produce cellulose, such as water
hyacinth [11], empty fruit bunches of oil palm [12],
banana tree fronds [13], seaweed Eucheuma spinosum,
and seaweed Gracilaria sp. [14], seaweed has 9-34% dry
weight of extractable cellulose [15]. Sinjai Regency, South
Sulawesi, is one province in Indonesia that has a large
production of seaweed, especially the Gracilaria sp.

Adding metal oxides to CA composite electrode
films shows altered structure and morphology. Adding
metal oxide to the electrode film may increase the surface
area and electron mobility, allowing it to store large
amounts of energy [16-17]. The investigation using nickel
oxide (NiO) as an additional material for supercapacitor

electrodes has also been studied, and it shows a high
specific capacity. Al Kiey and Hasanin [18], adding NiO
to porous carbon fiber as a supercapacitor electrode
increased the particular capacitance by 811 F/g at a
current density of 1 A/g after 1000 cycles. Navale et al.
[19], adding NiO to polyaniline (Pani) as a hybrid
electrode, showed a specific capacity of 936 F/g at a
current density of 1 A/g after 2000 cycles. Nunes et al.
[20] added NiO to carbon nanotubes as a hybrid
electrode, showing a specific capacity of 1200 F/g at a
current density of 5 A/g. In this study, we use Gracilaria
sp. as raw material for CA synthesis, which will be
composited. with NiO. Its application for electrodes
showed a high specific capacity of 15.5 x 10° F/g on
maximum conditions. To the best of the authors'
knowledge, no previous research has examined the
employed cellulose seaweed as an electrode material for
future energy storage applications.

m EXPERIMENTAL SECTION
Materials

The material used in this study was Gracilaria sp.,
which was obtained from Sinjai Regency, South
Sulawesi. The materials such as NaOH (Merck), H,O,
(Merck), CH;COOH (Merck), Na,SO, (Merck), NiO
nanoparticle (Sigma-Aldrich), and dibutyl phthalate
(DBP, Merck) were also used in this study.

Instrumentation

The instruments used in this study are an FTIR
spectrophotometer (Prestige-21, Shimadzu), Scanning
Electron Microscope (SEM, JEOL-6000PL), and X-ray
diffraction (XRD, Shimadzu 7000), and Cyclic
Voltammetry (CV, CS350M EIS Potentiostat, Wuhan,
Cina).

Procedure

Sample preparation

The first step in preparing the seaweed sample of
Gracilaria sp. was to separate it from any impurities. The
sample was cleaned, sun-dried, and ground into flour.
Proximate analysis of the sample was carried out for its
water, carbohydrate, and cellulose content [14]. An
illustration of the sample preparation is shown in Fig. 1.
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Cellulose isolation

Seaweed powder (100 g) was added into 1 L of 10%
(w/v) NaOH, heated at 90-100 °C for 3 h, and filtered.
The obtained precipitate was washed until the filtrate pH
was neutral. The residue was bleached using 50 mL of
30% (v/v) H,O,, heated at 60 °C for 1 h, and filtered. The
filtered precipitate was dried in an oven at 60 °C.
Chemical analysis of the obtained dried solid was carried
out using FTIR. An illustration of the cellulose isolation is
shown in Fig. 2.

Cleaned
and dried

\%‘

Synthesis of CA

Cellulose powder (5g) was diluted in varying
amounts of glacial CH;COOH solution (30, 40, 50, 60,
and 70 mL). The sample solution was heated and stirred
at 40 °C for 60 min, and then H,SO, 2% was added and
heated again at 40 °C for 60 min. The mixture solution
was added acetic anhydride at 40 °C and stirred for
30 min. The mixture solution was added to 7mL
CH;COOH and 4 mL of distilled water at 40 °C for
30 min. The mixture solution was left for 2.h, and added

Ground
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Fig 1. The schematic diagram of sample preparation
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Fig 2. The schematic diagram of cellulose isolation from Gracilaria sp.
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Fig 3. The schematic diagram of the synthesis of CA
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with 160 mL of distilled water, and then filtered. Distilled
water was used to wash the filtered sediment until the pH
reached neutral and the sour smell vanished. The
precipitates were then dried at 55 °C. The dried solids
were analyzed using an FTIR. An illustration of the CA
synthesis is shown in Fig. 3.

CA-NiO electrode film fabrication and its

electrochemical properties

The synthesized CA (0.4 g) was added with NiO
nanoparticles at 0.0, 0.2, 0.4, and 0.6 g concentrations
denoted as (a) CA-NiOO0, (b) CA-NiOl1, (¢) CA-NiO2,
and (d) CA-NiO3, respectively. Each mixture was added
by 9 mL of DBP. The mixture was heated at 80 °C and
stirred at 250 rpm until homogeneous. The mixed
solution was poured into the mold until a film was set. The
film was analyzed using SEM and XRD to observe its
morphological and crystal structures. CV was also used to
analyze the electrochemical properties of the electrode.

m RESULTS AND DISCUSSION
Sample Preparation

Gracilaria sp. sample preparation was carried out to
remove contaminants and determine the quality of the
materials. The results of the material test analysis can be
seen in Table 1. The analysis showed that the water
content of Gracilaria sp. was 11.31%. The water content
for dried seaweed Gracilaria sp. was acceptable according
to the quality and safety requirements for dried seaweed
based on the Indonesian National Standard (SNI) 2690-
2015, of which the maximum value is 12%. This means
that the Gracilaria sp. seaweed powder produced has met
SNI standards. Water content dramatically influences the
quality of seaweed material. The lower the water content
in seaweed, the higher the quality of the seaweed [12].
Meanwhile, the carbohydrate content of the obtained
Gracilaria sp. was 76.32%. According to SNI 01-2891-
1992, the minimum carbohydrate content in dried
seaweed is 35.57%. This means that the sample content

has met SNI standards. The proximate analysis also
found that Gracilaria sp. has 16.54% cellulose content
(Table 1), whereas according to the previous study,
seaweeds have various dry weights of extractable
cellulose, which are 9 to 34%. The result shows that the
Gracilaria sp. sample has potential-as the source of
cellulose and raw material for CA synthesis.

Characteristics of Cellulose and CA

The cellulose isolation step aims to separate lignin
from the cellulose matrix. Because lignin can interfere
with the acetylation reaction and the creation of degrees
of substitution during the subsequent synthesis of
cellulose into CA, thus lignin is undesirable [21]. The
FTIR analysis, as depicted in Fig. 4, supports this
observation, indicating a decrease in the intensity of the
lignin band within the spectral range of 1500 and
1200 cm™, which corresponds to the lignin carbonyl
groups [22]. Where NaOH is used to delignify
lignocellulosic materials, this treatment is carried out to
disrupt the structure of lignin, where Na* ions from NaOH

Cellul - - —-OH
el uose_OH C-H CI o] I CocC Co

Intensity (a.u.)

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig 4. FTIR spectra of isolated cellulose and cellulose
acetate with various concentrations of CH;COOH

Table 1. Material test analysis results

Sample Water content Carbohydrate content Cellulose content
P (% w/w) (% w/w) (% w/w)
Gracilaria sp. 11.31 76.32 16.54
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will bind to lignin to form sodium phenolate, which is
polar and easily soluble in water during washing and
allows the separation of the structural relationship
between lignin and cellulose [23]. The FTIR spectra of
cellulose and CA products are shown in Fig. 4. The
chemical reaction for separating lignin and cellulose can
be seen in Fig. 5.

Fig. 4 also shows the typical absorption of cellulose
at a wavenumber intensity of 3423 cm™', which shows the
OH group from the glycosidic bond. In contrast, the CO
and -CH,- groups in the cellulose ring's 1026 and
2900 cm ™' regions [24]. Several absorption bands at 1300
to 1400 cm™ indicate the presence of ether groups, which
are connected to the carbon chain in cellulose [25]. From

OH

o OH | + Na—OH —»

—'n
Lignocellulose

the FTIR spectra of synthesized cellulose acetate in Fig.
4. The formation of the acetate group can be confirmed
by increasing intensity bands in the 1753-1751 (C=0),
1236 (COO), and 1375-1373 cm™ (CH) regions of the
methyl group in acetate [26]. Fig. 4 also shows the
hydroxyl group, which was detected-at an intensity of
3491-3495 cm™. This finding indicates that most of the
hydroxyl groups originating from cellulose are replaced
by acetate groups [27]. The acetylation reaction replaces
cellulose hydroxyl groups with acetyl groups, wholly or
partially, to produce cellulose acetate products [28]. The
protonation and acetylation reaction:mechanisms are
shown in Fig. 6. Acetylation generally uses acetic acid as
a solvent with the help of a sulfuriciacid catalyst.
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Fig 5. Delignification reaction to separate cellulose from lignocellulose diagram
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Fig 6. The reactions of (a) the protonation stage and (b) the acetylation stage for cellulose acetate
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XRD Analysis of Electrode

The electrode samples were characterized using
XRD with a CuKa radiation source (A =1.5406 A)
operating at a voltage of 40 kV and a current of 30 mA.
Based on the diffractogram in Fig. 7, several characteristic
peaks confirm the successful synthesis of CA-NiO in all
samples with mass variations. The diffractogram from
XRD analysis also shows new peaks in the sample after the
addition of NiO. The addition of NiO to CA has reduced
the intensity of CA, which can also be seen in Fig. 7, where
the CA phase begins to experience a decrease in peak
intensity at positions 20 = 20, 32, and 65°, along with the
addition of NiO. The NiO crystal phase was confirmed by
the diffraction peaks at typical 26 values (JCPDS NO. 47-
1049) are 37.3, 43.2, and 62.5°, corresponding to the
diffraction characteristics (111), (200), and (220) planes of
NiO crystals, respectively. No other characteristic peaks
are observed from impurities, which shows the CA-NiO
has good crystals and purity. The CA-NiO1 up to CA-
NiO3 sample has a similar intense peak at 26 of 37.3;43.2;
and 62.5°. This proves the success of the formation of CA-
NiO.

SEM Analysis of Electrode

SEM analysis was used to determine the surface
morphology of the CA-NiO
magnification of 100 times. The results of SEM photo
analysis (Fig. 8) show_surface images of 4 electrodes,
indicating the addition of particles with a larger size on
the surface photo both electrodes, where these particles

electrode with a

are NiO. The results of SEM analysis can also be used to
calculate the porosity value of a _material. Porosity is a
measure of the space between materials and is the fraction
of the volume of space to the total volume; according to
the previous study [29], the higher the porosity of
electrode material, the higher the specific capacity of the
material; this is because porous networks can facilitate ion
diffusion over long distances. The porosity value of a
material can be calculated by the ratio between volume
pore to volume total, which volume pore is calculated by
the difference between volume total and volume solid.
The porosity of all samples is shown in Table 2. The
porosity value of the electrode material increases along

with the concentration of NiO. This result shows that
apart from doping NiO, it also increases the electrode
material's porous area. However, the material's porosity
decreased when the NiO concentration was higher than
the CA concentration.

NiO
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Fig 7. Diffractogram of CA-NiO electrodes with various
NiO concentrations
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Table 2. CA-NiO electrode porosity value
Mass of CA  Mass of NiO  Porosity

Sample code

(&) @) (%)
CA-NiO0 0.4 0.0 62.8
CA-NiO1 0.4 0.2 69.1
CA-NiO2 0.4 0.4 724
CA-NiO3 0.4 0.6 59.7
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The three-dimensional schematic (Fig. S1), converted
from SEM data, shows a decrease in solid areas (indicated
by the blue regions) with the increasing concentration of
NiO added to CA. Therefore, the expanding empty spaces
in Fig. S1 are considered porous areas that increase within
the electrode material. According to Elango et al. [30], the
porous structure significantly enhances the contact area
between the electrode and electrolyte ions, which is
expected to improve the electrochemical performance of
the electrode [30].
morphology of CA-NiO, as shown in Fig. 8, it is clearly

In addition, based on the surface

seen that there is better pore interconnectivity, which can
lead to an increase in the ion diffusion rate and thus
improve the voltammetric behavior.

Analysis of Electrochemical Properties of Electrode

Electrochemical properties such as specific
capacitance and specific energy of the fabricated electrode
samples were analyzed using the CV method, and electrode
testing was carried out with scan rates of 10, 20, 50, and
100 mV/s using 0.5 M Na,SO, electrolyte solution. The
results of the analysis of the electrochemical properties of
the electrode can be seen in Table 3.

The results of potentiostatic CV measurements

show the shape of a hysteresis curve (Fig. 9), which

indicates that when the cell is applied voltage, a charge
storage mechanism occurs due to charge accumulation
on the surface of the CA-NiO electrode and 0.5M
Na;SO; electrolyte. The CV hysteresis curve has peaks
and valleys that describe the reaction process redox,
which is related to the electron handover event on the
surface of the CA-NiO electrode, The hysteresis curve
demonstrates that the CA-NiO electrode has ideal
capacitive properties, allowing it to store electric charge
electrostatically by reversibly adsorbing and desorbing
electrolyte ions on the electrode surface.

Specific capacitance influences: the number of
electrons thatcan be stored under the pressure exerted
by an electric current through an‘oxidation-reduction
(Faraday) reaction [31]. The greater the specific
capacitance value, the greater the charge stored on the
electrode. This charge comes from the accumulation of
electrostatic charges on the surface boundaries of the
electrodes and electrolytes and results from redox
reactions at the electrodes. From the calculation results,
as shown in Table 3, the specific capacitance curve for
the CA-NiO electrode is obtained, as shown in Fig. 10.
The largest specific capacitance occurred in the CA-
NiO2 sample at 15500 F/g. The specific capacitance
produced in this research is greater than that of previous

Table 3. Analysis of electrochemical properties of CA-NiO electrode

Sample code Scanrate Specific capacitance Specific energy
(mV/s) (x 10* F/g) (x 10* W h/kg)
CA-NiO0 10 6.75 0.58
20 3.59 0.31
50 1.44 0.12
100 0.71 0.06
CA-NiO1 10 8.73 0.75
20 3.69 0.31
50 0.96 0.08
100 0.75 0.06
CA-NiO2 10 15.5 1.33
20 3.27 0.28
50 1.21 0.10
100 0.66 0.05
CA-NiO3 10 2.47 0.21
20 1.74 0.15
50 0.88 0.07
100 0.51 0.04
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Fig 10. Comparison curve of the specific capacitance of

0

the CA-NiO electrode against changes in scan rate

research that used NiO-carbon composites from banana
[18].
Furthermore, the results obtained were superior to prior
research by adding NiO to PAni as a hybrid electrode
with a specific capacity of 936 F/g [19].

peel waste in supercapacitor applications

Specific capacitance analysis was reviewed at the
smallest scan rate (10 mV/s) of the particular capacity
curve (Fig. 10), where the cell model of the four
electrodes shows that the specific capacitance of the CA-
NiO0, CA-NiO1 and CA-NiO2 electrodes has increased
capacity. Still, for the CA-NiO3 electrode, there has been
a definite decrease in the capacity value of the three
previous electrodes. This result shows that increasing the
NiO concentration in the CA-NiO electrode cell can
improve the specific capacitance of the electrode.

Abdul Karim et al.



Indones. J. Chem., xxxx, xx (x), xx - xx 9

According to the previous study's findings [32], adding
metal oxide to the electrode film has been shown to
enhance the surface area and electron mobility, thereby
improving the capacity to store energy.

The decrease in specific capacitance in the CA-NiO3
electrode cell (Fig. 10) shows that when the NiO
concentration is higher than CA, it can affect the specific
capacitance of the electrode. NiO as a supercapacitor has
high theoretical capacitance and low cost [32]. However,
its poor electrical conductivity affects its specific
capacitance. The decrease in the particular capacitance
value on the CA-NiO3 electrode may also be influenced
by the reduction of the porosity of the CA-NiO3 electrode
(Table 2), which can affect ion diffusion in the CA-NiO3
electrode cell with the electrolyte so that the electrode
capacity experiences a specific decrease for the others.

Analysis of Specific Energy

Specific energy analysis was also reviewed at the
smallest scan rate (10 mV/s). Based on the Ragone plot
diagram (Fig. 11), specific capacitance is directly
proportional to a particular energy. This result also
correlates with the scan rate value given when measuring
CV. When the scan rate is increased to 100 mV/s, the
current response on the curve increases, and the time
required to complete a CV cycle decreases, indicating that
the stored energy is small and the capacity of the/ CA-NiO

electrode is also tiny. Likewise, suppose the scan rate is

0147 —8— CA-NiOD
—8— CA-NiO1
0.12 1 —A— CA-NiO2
= —9—CA-NiO3
o
~
X 0.10
o
=
£
3 0.08-
>
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[
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[
&
0.02 4
0.00 4
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Scan rate (mV/s)
Fig 11. Comparison curve of the specific energy of the

CA-NiO electrode against changes in scan rate

reduced to 10 mV/s. In that case, the current response
that appears in the CV characteristics will also be
smaller, so the time required to form a CV cycle will be
longer, which indicates that the stored energy is
enormous and the electrode capacity is also significant.
Thus, the scan rate dramatically influences the power
and energy stored in the supercapacitor cell.

m CONCLUSION

CA was successfully synthesized from cellulose
isolated from the algae Gracilaria sp., which FTIR
spectra analysis proved. The results also show that
supercapacitor_electrodes have been successfully made
where the manufactured electrodes form a composite
between {CA and NiO, with the highest specific
capacitance and specific energy values of 15.5 x 10* F/g
and 1.33 x 10° W h/kg, respectively, on the CA-NiO2
electrode, but when the NiO concentration is higher
than the CA concentration the specific capacitance and
specific energy decrease as shown on the CA-NiO3
electrode. Thus, it can be concluded that CA-NiO
synthesized from Gracilaria sp. as a raw cellulose material
can be used as an electrode in future energy storage and
is environmentally friendly. However, further studies
are needed on the surface texture properties of the
samples using the BET and BJH methods.
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