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Abstract. This study examined the use of sodium acetate salt as an ionic dopant in biodegradable
solid polymer electrolyte (SPE). In the solution casting method for making polymer electrolyte, rice
starch is used as the host polymer and glycerol is used as the plasticizer. The characteristics of SPE
film were investigated using X-Ray Diffraction (XRD), Fourier Transform Infrared (FT-IR), and
Thermogravimetric Analysis (TGA). Salt enhances the amorphous structure by decreasing the
crystallinity of the polymer. Alternatively, it decreases the temperature of thermal breakdown. In
addition, the biodegradability of SPE was investigated using the soil burial method. Electrochemical
Impedance Spectroscopy (EIS) was used to evaluate the ionic conductivity behavior and temperature
dependent of SPE. The 35% sodium acetate salt addition makes the supercapacitor's electrolyte have
the highest ionic conductivity at room temperature, which is 5.57x10™* S/cm.

Introduction

Supercapacitor has promising potential as energy storage system for renewable energy plant. It
has the ability to store about 10—100 times more energy per unit volume than ordinary capacitors and
has a faster charge transfer rate than batteries [1]. In supercapacitor, there are several problems
encountered such as leaks and limited size design when using liquid electrolyte. Therefore,
researchers are investigating various solid polymer electrolytes (SPE) as suitable replacements for
liquid electrolytes. SPE has environmentally friendly properties because it uses natural raw materials
that are non-toxic, biodegradable, and sustainable based material. Organic polymers can be generally
extracted directly from biomass such as starch, cellulose, and chitosan [2]. In this study, starch will
be used as the host polymer for preparing solid electrolytes because it has lower glass transition
temperature than chitosan and cellulose [3]. In SPE synthesis, lower glass transition temperature is
more preferred because it can make the ionic conductivity increase. This is because the movement
and flexibility of polymer chains are higher in polymer matrix that have a low glass transition
temperature [3].

The source of starch used in this research is derived from rice because it has the highest amylose
content compared to other starches [4]. The concentration of amylose in rice starch is 35%, and that
of amylopectin is 65% [4]. The content of amylose and amylopectin plays a role in the crystalline and
amorphous structure of starch. Amylose corresponds to the amorphous structure of starch since it has
a linear chain while amylopectin corresponds in the crystal structure of starch because of its branched
chain. Therefore, starch with higher amylose content has more amorphous structure [5]. In SPE
synthesis, starch with higher amylose content has higher ion mobility since ions from the addition of
salts attack more on the amylose unit [6].

In general, solid electrolytes derived from biomass polymers have low ionic conductivity.
Therefore, it requires the addition of salt as an ionic dopant to improve the ionic conductivity.
Commonly, the salt used as ionic dopant is lithium (L1i) salt, but this salt is dangerous and limited
availability in nature. In this study, ionic dopants based on sodium salt (Na) were used because they
are abundant in nature, cheap, and environmentally friendly and also have chemical properties similar
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to lithium [7]. In addition, based on comparative studies conducted by Osman et al. [8] showed that
sodium-based electrolyte systems have a higher ionic conductivity compared to lithium-based
electrolyte systems at room temperature. This is due to Na™ has lower energy lattice compared to Li",
therefore sodium-based salts are more conductive and more mobile in matrix polymer. Based on
previous research written by Khanmirzaei et al. [6], it was obtained that the highest ionic conductivity
of rice starch-based SPE was found in the addition of 45% of sodium iodide (Nal) salts with an ionic
conductivity of 4.79x107* S/cm. In this study, further research will be studied regarding the ionic
conductivity of the addition of other sodium salts, namely sodium acetate salt (CH3COONa) which
is more environmentally friendly, harmless, and abundant in nature. The effect of adding sodium
acetate salts will be further analyzed through XRD, FTIR, TGA, Soil Burial Test, EIS, and CV.

Experiments

The solution casting technique was used to prepare SPE using 2 grams rice starch as host polymer,
20 ml distilled water with 99% purity as solvent, 1.36 ml glycerol 85% purity Merck CAS no 56-81-
5 as plasticizer, and various concentration of anhydrous sodium acetate salt (CH;COONa) 99% purity
Merck CAS no 127-09-3 as ionic dopant. The salt variation used in this study were 0%, 15%, 25%,
35%, and 45% by weight of sodium acetate salt to the weight of rice starch. Sample with no addition
of salt (0%) will use as a control sample.

All samples were characterized by XRD Olympus BTX-534 to study the crystal structure, FTIR
Thermo Scientific Nicolet IS5 with ATR Id7 to study the functional group, TA Instruments SDT 650
to study the temperature decomposition, Soil Burial Test to study the biodegradability, and AutoLab
Electrochemical Impedance Spectroscopy (EIS) to study the resistance of SPE. EDLC performance
analysis was performed by measuring specific capacitance through cyclic voltammetry using
AutoLab instrument with 2 system electrodes. The EDLC was fabricate using symmetric EDLC with
2 graphite electrodes separated by the SPE.

Result and Discussion

X-Ray Diffraction (XRD). Based on the result of XRD in Figure 1, there are sharp and non-
widening diffraction peaks were found at angles of 260 = 11.5°, 11.7°, 19.8°, 22.6°, and 30° in
diffractogram of CH3COONa salt. In rice starch can be found diffraction peaks at angles of 260 =
15°, 17.2°, 18°, and 22.9° that categorized as type A crystalline and diffraction peak at angles of 26
= 5.5°, 20°, and 26.6° categorized as type B crystalline. Thus, the crystal structure of starch can be
categorized as type C which consist of type A and type B. In crystalline type C, the XRD pattern can
contain various superpositions of diffraction peaks that depend on the ratio of composition between
polymorphs [9]. According to Yang et al. [10], the peak of 260 -angle diffraction located at 17° is
identified as amylose and at 20° as amylopectin. During the gelatinization process, the amylose chain
is released, the viscosity increases, and the amorphous structure increases [11]. The difference in
diffraction peaks between rice starch and pure SPE (sample 0%) is found in the presence of diffraction
peaks at an angle of 260 = 15° in rice starch, while in pure SPE sample there is no peaks at that angle
of 20. The difference is also clearly visible at angles of 26 = 17.2°, 18°, and 22.9° in rice starch whose
peaks widen at a sample of 0% indicated at angles of 20 = 17.3° and 21.9°.
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Fig. 1. X-Ray diffraction patterns of CH3COONa, rice salt, and SPE with variation of the salt
concentration

The addition of CH3COONa salt to a pure SPE sample based on Figure 1 influences the crystal
structure of the sample. Changes in the crystal structure are located at angles of 20 = 17.3° and 21.9°
which indicates the presence of diffraction peaks in pure SPE samples (0%), but these peaks are not
present in SPE samples with the addition of salts. The change indicates that the addition of salt makes
the crystal structure of SPE more amorphous [12]. When the amount of salt added is continuously
increased, XRD diffraction does not show significant changes. To find out the most amorphous
crystal structure, it is necessary to calculate the crystal size using the Debye-Scherrer equation
expressed by Eq. (1).

091
- B cos6

(1)

where D is the estimated crystal size (nm), 4 is the wavelength of X-rays (nm), 8 is full width half-
maximum (FWHM) (°), and 0 is the peak angle of diffraction (°) [13]. The FWHM value of the
sample increased along with the increase in the concentration of sodium acetate salt.

Table 1. Crystal size calculation
Sample 20 (°) 0 (°) FWHM (°)

0% Salt 19.786  9.893 8.562
15% Salt  19.829  9.914 8.729
25% Salt  19.786  9.893 8.874
35% Salt  19.572  9.786 10.358
45% Salt  19.786  9.893 9.162

Based on Table 1, the highest value of FWHM is reached by the sample SPE with the addition
35% salt. The greater the FWHM value means that the increment of the amorphous phase on the
sample is due to the addition of plasticizer and salt. However, SPE samples with 45% salt experienced
a decrease in FWHM values due to crystallization. It is because the host polymer could not
accommodate an excess amount of salt [14].
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Fourier Transform Infrared (FTIR). Based on Fig. 2, the pure SPE spectrum, represent by a
black line color, has a wide absorption band in single bond region at 3274 cm™.. The region around
3274 cm indicates the presence of a hydroxyl group O-H stretching. At wavenumber of 2929 and
2887 cm’! there are also peak for C-H stretching. Meanwhile, in triple and double bond region, there
is no absorption band. This suggests that the SPE do not have a functional group with a triple bond
nor double bond. In addition, the peak at 1648 cm™! is associated with water function group, O-H
bending.
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Fig. 2. FTIR spectrum of (a) SPE with variation of sodium salt concentration and (b) enlargement
wavenumber 1200 — 1700 cm™!

In the fingerprint region there are many functional groups such as CH, bending at 1414 cm™!, CH3
bending at 1335 cm’!, and several typical starch functional groups at range 1300-1000 cm™'. That
typical starch functional groups are C—O-H, C-O—C by glycosidic bonds, C—O, and C-C [15]. It is
specified as C-O-C stretching at 1151 c¢cm™, secondary alcohol (C-O-H) stretching at 1105 cm™,
primary alcohol (C-O-H) stretching at 1077 cm™!, and glycosidic bond (C—O—C) stretching with high
intensity at 1001 cm™. In addition, there are also peak of C-H bending groups at 924, 860, and
760 cm™!. Figure 2 (b) shows the enlargement area of FTIR spectrum. In sections (a) at wavenumber
1560 cm™ and (b) at 1408 cm™! there are new absorption bands and the peak increase along with the
addition of CH3COONa salt concentrations. It can be attributed to carbonyl bonds, with two peaks
detected due to the presence of two resonant structures [16]. The vibration of the carbonyl group was
declared by Habka et al. [17] to be an antisymmetric stretching carboxylate (COO-) group at
1560 cm™ and a carboxylate group (COO-) symmetric stretching at 1408 cm!. The presence of the
COO function groups indicates the occurrence of acetyl group substitution due to starch acetylation.
The substitution of acetyl groups in starch increases the resistance to retrogradation [18]. Thus, it
makes the amorphous structure more stable.

Thermogravimetric Analysis (TGA). Figure 3 shows that all samples have single-step
decomposition. In sample 0% salt, the weight of the sample experienced a drastic decrease at
283.16 °C and it is referred as the decomposition temperature.
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Fig. 3. TGA Thermogram of SPE

When the sample was added with salt, the decomposition temperature shifted to a lower
temperature. It occurs due to the complexity between polymers and salts which increases segmental
flexibility in the polymer matrix [6]. In other words, the addition of CH3COONa causes a weak bond
between Na' ions and hydroxyl groups in starch polymers. Along with the increasing concentration
of salt, there is no significant change in the decomposition temperature. The difference can be seen
in the sample of 25% of salts that slightly experienced weight loss at 158.86 °C. Since the weight loss
1s quite drastic at 228.10 °C, it is set to be the decomposition temperature of the sample.

Soil Burial Test. This biodegradability test focuses on analyzing the effect of salt addition on the
degree of degradability of the film. The selection of the test time is determined based on the minimum
time that one of the samples can be perfectly degraded. The results of the biodegradability test showed
that within 28 hours the sample 45% salt had been fully degraded while the sample of 0% salt was
still not degraded. If the testing time is extended, the sample will degrade perfectly because rice starch
1s an organic compound. This is because microorganisms in the soil use organic compounds as a
source of nutrients for their metabolism [19].
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Fig. 4. Volume loss of SPE samples within 28 hours

The calculation of volume loss was chosen compared to weight loss because the samples that have
been planted in the soil are difficult to clean. Therefore, an approach is made to the remaining area
of the area and multiplied by the thickness of the sample. Based on Figure 4, it is known that the
higher the salt concentration, the greater the volume lost from SPE due to biodegradation. So that the
maximum biodegradability occurs at the highest salt concentration [20]. The increase in
biodegradability is due to the interaction of sodium salts to the starch hydroxyl group. In addition, the
reaction of acetylation also affects the biodegradability of starch. The large biodegradability of the
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film results from the insertion of acetyl groups that can reduce the inter- and intramolecular
interactions promoted by hydrogen bonds [21].

Electrochemical Impedance Spectroscopy (EIS). This impedance study focused on calculating
the value of bulk resistance obtained through the Nyquist Plot which is a graph that presents
impedance value data (Z) consisting of a real impedance (Z’) and an imaginer impedance (Z”’). On
the Nyquist plot, there is a semicircle curve at high frequency describing the process of ion transfer
on SPE and a linear curve at low frequency describing the diffusion process.
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Fig. 5. Nyquist plot at SPE at room temperature

Based on the Fig. 5, the semicircle obtained by the SPE sample of 0% salt has a much larger shape
than the SPE sample with the addition of salt. The larger the semicircle indicates that the process of
ion diffusion is proceeding slowly due to the large resistance. In the salt addition sample, the
semicircle looks very small indicating that the resistance is significantly decreased. The difference
between the semicircle's initial and final intersections at the real impedance axis (Z') is expressed as
bulk resistance (Rb). The ionic conductivity is calculated using Eq. (2).

t

o= 2

" AXRp

where ¢ is the thickness of the sample (cm), 4 is the surface area of the sample (cm?), Rj is the bulk
resistance (€2), and o is the ionic conductivity (S/cm).
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Fig. 6. Temperature-dependent of lonic Conductivity
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Based on the Fig. 6, the resistance of the sample begins to decrease when a pure SPE sample is
added with CH3COONa salt. The decrease in resistance is due to the presence of Na in the polymer
which can increase the ionic conductivity. Na* cations have a weak bond with O™ in polymers, making
Na" will easily jump to other vacant sites to produce an ionic conduction mechanism [22]. An increase
in salt concentration will make an increase in the concentration of ions in the polymer matrix so that
the ionic conductivity will be increased [7]. Based on the tests that have been carried out, SPE
samples with a concentration of 35% salt have the smallest R, with a value of 23.63 Q and the largest
ionic conductivity with a value of 5.57x10* S cm™'. The continuous increase in salt concentration
does not necessarily increase ionic conductivity as it happens in the sample of adding 45% salt. In
samples 45% of salts the ionic conductivity drops after reaching the highest value in the sample of
35% salt. The decrease in ionic conductivity at high salt concentrations is caused by ion aggregation
which causes overcrowded ions in the polymer matrix so that ion mobility decreases [23].The
impedance study was also carried out at elevated temperatures to study the temperature-dependent of
ionic conductivity. In Fig. 6, it can be known that an increase in temperature can increase ionic
conductivity. The higher the temperature, the lower the resistance of the SPE. It is because bonds of
O and Na will be more easily released at higher temperatures so that the ion movement will increase.
In addition, the expansion of the film volume due to the increase in temperature makes more space
for the ion to mobile so that the ionic conductivity increases [24]. The temperature-dependent of ionic
conductivity was further studied using Arrhenius modeling.

Inoc = =241n4 3)
RT

From Eq. (3) can be known the relationship between activation energy to ionic conductivity. The
value of the activation energy (Ea) is calculated based on the linearization of the Arrhenius equation.
The value of the activation energy can be obtained from the slope (gradient) of the plot In ionic
conductivity vs 1000/T.

Table 4. Activation energy of SPE

Sample Slope  Ea (J/mol)

0% Salt -7.621 63.357
15% Salt -2.724 22.649
25% Salt -2.703 22.476
35% Salt -2.121 17.636
45% Salt -2.148 17.861

The activation energy value indicates the quantity of energy required by the ion to be able to move
on the polymer matrix. The decrease in activation energy shows that ion movement goes easier and
faster. Based on Table 4, an increase in the concentration of CH3COONa salts plays a role in lowering
activation energy.
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Fig. 8. Scan Rate Test Sample (a) 0% Salt, (b) 35% Salt



8 Engineering Chemistry Vol. 5

Cyclic Voltammetry (CV). EDLC performance tests were performed with Cyclic Voltammetry
(CV) to calculate specific capacitance. The shape of the curve due to the change in scan rate did not
undergo significant changes with no redox reaction peak found as shown in Figure 8. It shows that
the SPE with a graphite electrode can run at low or high scan rates from the range of 5 mV/s to 100
mV/s. In this study, a scan rate of 10 mV/s was used to determine the changes occurred when the
EDLC running with 50 cycles.
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Fig. 9. CV with 50 Cycles at 10 mV/s of the SPE sample with 0% and 35% salt concentration

In the Fig. 9, a curve with a green line represents the behavior of a sample of 35% salt in 50 cycles
whose area decreases slightly in the initial cycle. However, after cycle 10 the area is more stable. The
decrease in the area that occurs may be caused by ion aggregation during the charge-discharge process
[26]. In the initial cycle, the ions from sodium have very high mobility in the polymer matrix and
after 10 cycles, ion aggregation tend to decrease thus their mobility is more stable. The calculation of
the capacitance value is carried out using Eq. (4).

_ Jrav
P omu(v,—vy) (4)

where C, is the specific capacitance (F/g), m is the electrode mass (gram), v is the scan rate (mV/s),
V; and V> are the initial and final potentials and [ I dV is the CV area.

Table 5. Specific Capacitance of EDLC Using SPE

Sample Area (A.V) Scan rate (mV/s) Specific Capacitance (F/g)
0% Salt 1.22 x 10 10 0.0047
35% Salt 6.73 x 106 10 0.0240

Based on the Table 5, the area of the sample is 35% salt bigger than the sample 0% salt. The
specific capacitance is directly proportional to the area, making the specific capacitance of 35% salt
reach 0.0240 F/g. In this study, the addition of CH3COONa salt was able to increase the specific
capacitance up to 5 times. Na" dispersed in the matrix polymer can improve the adsorption and
desorption processes in the electrolyte-electrode interface during the charging and discharging
process.



Engineering Chemistry Vol. 5 9

25001 [——0%_Before CV 50 Cycle 804 [—35%_Before CV 50 Cycle|
—— 0%_After CV 50 Cycle —— 35%_After CV 50 Cycle
2000
6042
2.0 4
g 15 s 1- —
H = 404 5
N 10004 N
500 4 20 1
04
04
0 1000 2000 3000 4000 T T T T T
z @) 0 10 20 30 40 50 60
Z(Q)
® (b)

Fig. 11. EIS Before and After 50 Cycles Sample (a) 0% Salt, (b) 35% Salt

In the picture above, there is a Nyquist plot that shows the difference in the size of the semicircle.
In the 0% salt sample there was a significant decrease in semicircle size from 2199.6 Q to 1798.5 Q
after 50 cycles. The decrease in resistance is indicated due to the influence of the ion adsorption and
desorption process during charge-discharge which makes the SPE surface more conductive. Whereas
in a sample of 35% salt, the change in resistance tended to be small from 7.199 Q to 6.267 Q which
showed that the 50 cycles did not significantly affect the mobility of ions in the polymer matrix.

Summary

Synthesis SPE from rice starch makes the crystal structure of the starch turn amorphous through a
gelatinization process. The addition of sodium acetate salt (CH3COONa) plays a role in improving
the amorphous structure of SPE. The SPE sample with 35% salt has the most amorphous structure.
The addition of salts to the sample was evidenced by the presence of new functional groups at
wavenumbers 1560 cm™ and 1408 cm™ which were identified as carboxylate functional groups
(COO") antisymmetric stretching and carboxylate groups (COO™) symmetric stretching. The
influence of salt addition also affects decreasing the decomposition temperature and increasing the
biodegradability of the sample. The effect of salt addition was seen in a significant decrease in bulk
resistance of SPE samples from 14112 Q at 0% salt to 35.41 Q at 15% salt. An increase in salt
concentration indicates a decrease in resistance thus ionic conductivity becomes increased. The
highest ionic conductivity is achieved by a sample of 35% of salts with a value of 5.57 x 10* S cm.
The fabrication of the EDLC is carried out with 2 graphite electrodes separated by SPE 35% salt as a
solid electrolyte. CV test results showed 5 times increase in capacitance when using SPE 35% salt
compared to SPE 0% salt.
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