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ABSTRACT

Solid polymer electrolytes (SPE) offer a safer alternative to liquid electrolytes in electrochemical applications, driving interest in
enhancing their ionic conductivity. This study examined the impact of adding cerium nitrate (Ce(NO3)3) to a composite SPE to boost
conductivity. SPEs were synthesized from corn starch, Ce(NOs)s salt, and graphene oxide (GO) via solution casting, using Ce(NOs3)3
variations of 0%, 2.5%, 5%, 7%, and 9%. X-ray diffraction (XRD) analysis indicated a structural shift toward amorphousness with
increasing salt, which enhances ionic mobility. Fourier transform infrared (FTIR) analysis revealed narrowing of the O-H peak with
starch and GO, implying hydrogen bonding that promotes an amorphous phase. At the CH20H peak, salt addition suggested interaction
with starch. Scanning electron microscopy (SEM) showed a porous composite morphology conducive to ion movement.
Thermogravimetric analysis (TGA) confirmed good thermal stability. Electrochemical impedance spectrometry (EIS) results showed
an increase in ionic conductivity in SPE due to the addition of Ce(NO3)s with the highest conductivity value observed at the 9%
variation, reaching 39 times higher than those without Ce(NO3)s. This study highlights significant improvements in ionic conductivity
by incorporating Ce(NO3)s into SPE, enhancing the energy storage system’s performance. The research offers valuable insights into
developing advanced SPE materials with superior electrochemical properties for further exploration and innovation in the field of

electrochemical devices.
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1. INTRODUCTION

An Energy Storage System (ESS) is a system that can convert
electrical energy into another form of energy, which may
then be stored in a storage medium and converted back into
electricity as needed. When the demand for electrical
energy is low, the ESS stores it and releases it when the
demand rises [1]. Batteries are a regularly used technology
in ESS. There are different sorts of batteries, with lithium-
ion batteries being one of the most extensively utilized
nowadays. This technology works by moving Li-ions from
the cathode to the anode during the charging process and
from the anode to the cathode during the discharging
process [2]. Batteries generally use liquid electrolytes, but
liquid electrolytes have the disadvantage of having a higher
leakage rate compared to solid electrolytes. To solve this
issue, Solid Polymer Electrolytes (SPE) have been
developed as solid electrolytes because they offer
advantages such as flexibility, no leakage, and easy
processing [3]. However, at room temperature, SPEs have
low ionic conductivity and low lithium-ion migration [3].
Despite this, SPE have good plasticity and flexibility,
allowing them to be molded as needed [3]. There are
various types of SPE materials that can be used, but
polyethylene oxide (PEO) and polyvinylpyrrolidone (PVP)
are the most widely used materials because they have
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higher electrochemical stability than other polymer
electrolytes [4]. However, PEO has the disadvantage of low
conductivity at room temperatures [4]. PVP has excellent
electrical properties, but it has the limitations of poor film-
forming ability [5]. Various types of starch are used to
develop SPE. Starch contains two polysaccharides: amylose
and amylopectin. Amylose is a sparsely branched
carbohydrate, whereas amylopectin is a highly branched
polymer with a high molecular weight, contributing to its
crystallinity [6]. Common natural sources of starch are
cassava, potatoes, and corn. Each type of starch has different
amylose content: cassava (18—20% amylose), potatoes
(17—21% amylose), and corn (22—30% amylose) [6].
Among the types of starch developed, corn starch has the
lowest degree of crystallinity, which can influence the high
conductivity of the film [7]. Corn starch is a semi-crystalline
polymer composed of linear amylose and branched
amylopectin linked by glycosidic bonds. Its structure has
made it the focus of many studies aiming to develop stable,
high-ionic-conductivity polymer electrolytes as alternatives
to conventional types [7]. However, most natural polymers
have very low film conductivity, so to enhance conductivity,
many researchers have conducted studies to improve it,
such as adding salts to the polymer electrolytes or
incorporating ionic liquids into the polymer electrolytes [3].
The addition of salt makes the SPE more amorphous,



Hamidah, et al. / Novel composite corn starch-graphene oxide-based polymer electrolyte with the addition of cerium nitrate to improve its ionic conductivity

facilitating the segmental motion of ions, thus increasing the
ionic conductivity of the SPE [3]. Several studies have
discussed the effect of salt on the ionic conductivity of SPE.
Research has been conducted by adding NaClOx salt [4] and
cerium-based solid electrolyte salt, which can reduce grain
boundary resistance, thereby increasing ionic conductivity
significantly [8]. Another method being developed to
increase the conductivity of SPE is the addition of Graphene
Oxide (GO). GO is a two-dimensional material consisting of
oxygen-functionalized carbon atoms covalently bonded. GO
has a high conductivity level due to its rich oxygen
functional groups [9]. Typically, GO's structural model
shows that the edges of its sheets are primarily composed
of ionizable carboxylic acid groups and are hydrophilic,
making GO interact easily with other compounds [9].
According to research, cerium salt modification of GO can
significantly enhance conductivity because cerium salt ions
slow down the desorption of oxygen functional groups and
maintain the interlayer spacing at higher temperatures
[10]. The interaction between cerium salt and GO can
change from C-0-C to C-O-H [10]. Thus, this work
investigates the effect of incorporating cerium salt into corn
starch-GO-based SPE composites on enhancing their
conductivity.

2. METHODS

To achieve the objectives of this study, several steps must
be carried out, including the synthesis and characterization
of SPE. The first step is synthesizing GO and the SPE,
followed by the second step, which involves characterizing
the synthesized SPE. This characterization includes X-ray
diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning  electron  microscopy  (SEM),
thermogravimetric analysis (TGA), and electrochemical
impedance spectroscopy (EIS).

2.1. GO Synthesis Process

GOs were synthesized using Tour Method with modification
[10]. 3 g of expanded graphite (Ito Graphite Co., Ltd., Japan
with a median diameter of 5-50 pm) and 18 g of KMnOswere
mixed in a solution of 360 mL H2S04 and H3PO4 with volume

Graphene
Oxide

Oxide

ratio 9:1. After that the mixture was stirred at 50°C for
12 hours. The mixture was cooled to 25°C and then 6 mL of
H202 was added to the mixture. The mixture was
centrifuged to obtain solid products, which were then
washed with HCI and distilled water. The solid products
were subsequently dispersed in distilled water and
ultrasonicated for 5 h to produce GO through exfoliation,
then centrifuged at 10000 rpm for 10 minutes to collect GO
nanosheets and redispersed in distilled water for further
use.

2.2. Solid Polymer Electrolyte (SPE) Synthesis Process

SPE was fabricated using the solution casting method. Five
variations were prepared: corn starch 2 grams with 25 ml
distilled water, with cerium salt (Ce(NO3)3 MERCK, German
crystalline powder with solubility of 1754 g/L) from
variations of 0%, 2.5%, 5%, 7%, and 9%, and with GO at
0.5 wt.%. The maximum amount of Ce(NO3)3 concentration
that can be completely dissolved in the SPE solution is 9%.
The amount of Ce(NO3)3 in wt.% can be calculated using
Equation (1):
wt%=——100 (1)
X+y

where x is the weight of the salt (g), y is the weight of the
polymer, and the weight percentage is the difference in salt
percentage as a dopant.

The fabrication process of SPE was carried out by sonicating
GO with 25 ml distilled water until dissolved. Various
amounts of Ce(NO3)3 at 0%, 2.5%, 5%, 7%, and 9% were
sequentially added to the sonicated GO solution until
dissolved, using a magnetic stirrer. Glycerol was then
added, followed by the addition of 2 grams of corn starch,
which was stirred again. After complete dissolution, the
solution was stirred using a magnetic stirrer and hot plate
within a water bath at a temperature of 80°C to 90°C until
homogeneous. The mixture was then cooled until no
bubbles were present, poured into a petri dish, and dried in
an oven at 50°C until the SPE film formed. The fabrication
process of Solid Polymer Electrolyte (SPE) can be seen in
Figure 1.
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Figure 1. Fabrication process of SPE
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2.3. Material Characterization

The produced SPE film was tested using XRD, FTIR, SEM,
TGA, and EIS. XRD analysis was conducted using a Pan
Analytical XRD E'xpert PRO with CuKa wavelengths of
1.54056 A and Ni filters was operated at 40 kV and 100 mA
to determine the crystallinity of the SPE film. Measurements
were taken in the 20 range of 5—80°, with a scanning speed
of 0.5°C/min and 0.05°/step at room temperature. FTIR
analysis using the Thermo Scientific Nicolet iS10 type was
used to discover ionic or functional group interactions
between corn starch-GO and Ce(NOs3)s3 salt in the SPE. SEM
characterization with the FEI Inspect S50 model was used
to examine the surface morphology of the SPE film. TGA
using Mettler Toledo with a scan rate of 10°C, temperature
range 25—600°C was used to determine the thermal
stability of SPE.

2.4. Electrochemical Characterization

EIS using Corrtest type CS Series Electrochemical
Workstation to perform AC impedance spectroscopy with a
frequency range from 1 MHz - 1 Hz and a signal of 10 mV.
EIS was utilized for electrochemical characterization aimed
at analyzing the ion conductivity of the SPE film. The
conductivity of the SPE film was determined using Equation

(2):
(2)

where o represents conductivity (S/cm), 1 is the sample
thickness, A is the surface area of the film, and Ry is the bulk
resistance ().

3. RESULTS AND DISCUSSION

Synthesis of SPE using corn starch as the polymer, 0.5% GO
as the filler, and Ce(NOs)3 salt with variations of Ce at 0%,
2.5%, 5%, 7%, and 9%. Figure 2 shows the synthesis results
of SPE with variations of Ce at 0%, 2.5%, 5%, 7%, and 9%.

Figure 3 shows the XRD test results with variations of
Ce(NO3)3 salt at 0%, 2.5%, 5%, 7%, and 9%. The results
indicate that there are 4 peaks of corn starch, which appear
at angles of approximately 15.25°, 17.09°, 18.10° and
23.02°. These corn starch peaks are of type A and then
change to type B after adding glycerol. The corn starch
peaks before adding glycerol have a double peak at angles
17.09° and 18.10° and after adding glycerol, they exhibit
the characteristics of type B starch peaks at an angle of 19°.

Plasticizing starch with glycerol leads to the destructuring
of its crystalline regions, causing the type A peak
characteristics to disappear in the diffraction pattern when
glycerol is added [11]. The difference between type A and B
starch relates to the number of water molecules that
stabilize the helices [12]. Type A structure is monoclinic
with four water molecules per unit cell, while type B
structure can accommodate more water molecules per unit
cell [12]. The GO compound has a peak at an angle of
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Figure 2. Synthesis results of SPE with variations of Ce at 0%,
2.5%, 5%, 7%, and 9%
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Figure 3. XRD test results with variations of Ce(NOs3)3 salt at
0%, 2.5%, 5%, 7%, and 9%

10.6° [13], and in the XRD results, no GO peak is observed
with the addition of 0.5% GO for samples with 0%, 2.5%,
and 9% Ce, indicating that the GO has mixed perfectly [13].
Ce(NOs3)s3 has peaks at angles of 22°, 31.4°, and 77.7°. The
starch peaks after adding glycerol and GO have peaks at
angles of 17°,19°, and 21°.

The addition of Ce(NOs)s salt in the XRD graph shows a
decreasing intensity, indicating that the higher the salt
concentration, the more amorphous the sample becomes.
Amorphousness occurs due to the interaction between the
polymer chains and the salt, which will be observed in FTIR
[14]. This is seen in the starch peak with the addition of
2.5% Ce(NOs3)3 experiencing a decrease in intensity. Then,
with the addition of 9% Ce(NO3)3 salt, the intensity of the
starch peak decreases when compared to Ce 2.5%, Ce 5%,
and Ce 7%.

Thus, it is found that among all SPE films, Ce 9% is more
amorphous. The amorphous phase in polymer electrolytes
is critical as it helps increase the ionic conductivity of the
electrolyte, where the amorphous phase has greater ionic
diffusion, resulting in better conductivity [15]. Therefore,
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samples with a more amorphous phase are expected to
produce high conductivity values. This can be attributed to
the rapid segmental movements of the polymeric backbone
in the amorphous area, which enhance the mobility of
charge carriers and facilitate ionic conductivity [16].

The results from FTIR analysis are used to identify ionic
interactions in functional groups by detecting the formation
or breaking of functional group bonds. Figure 4(a) shows
the FTIR characterization graph of the SPE film in the range
of 4000-400 cm. The identification results of functional
groups in the SPE film can be seen in Table 1. At 3290 cm~1
to 3304 cm-1, O-H stretching bonds are observed, then at
1077, 1149, and 997 cm-1, there is the combination of C-0,
C-C, and asymmetric stretching of the glycosidic bridge [17].
At 1650 cm™1, bending vibration of the OH group occurs
[18]. The characteristic peak of corn starch at 1374 cm™!
shows a decrease in intensity with the addition of salt in the
SPE film [19].

Figure 4(b) shows the enlarged FTIR characterization graph
in the range of 1500-1200 cm-. The bonds at the peak of
1300 to 1500 cm™! are C-H and C-H: deformations [13].
Around 1327, there is an increase in peak intensity due to
the addition of Ce(NOs)s. Around 1327, there is an increase
in peak intensity due to the addition of Ce(NOs3)s. It is
possible that starch reacts with Ce3* at the OH in CH20H.
This interaction can occur because Ce3+, which is a Lewis
acid, can accept electron donors from the Lewis base OH,
forming a bond [20]. In Figure 4(a) at the wavelength of
3290 cm-1, the O-H peak results from overlapping
vibrations between the O-H stretching groups in amylose
within starch molecules and GO [21]. At 1020 cm~! indicates
C-0-H deformation [22].

In corn starch with the addition of GO, the hydroxyl peak of
corn starch at 3304 cm~1 shifts to 3290 cm~! with a decrease
in peak intensity. The broad peak at 3290 cm~1 is associated
with the O-H peak, resulting from overlapping vibrations
between the O-H stretching groups in amylose within starch
molecules and GO.

A decrease in intensity at 1200-800 cm! is observed for
starch mixtures, indicating the cleavage of amylose
glycosidic bonds. Changes in FTIR peaks due to hydrogen
bonding effects on vibration elements indicate interactions
between corn starch material and GO [23]. Consequently, at
1650 and 3290 cm-!, the peaks become narrower when
starch with glycerol is added with GO, indicating hydrogen
bonding, which can lead to an amorphous phase in the SPE
film. The proposed mechanism scheme between corn
starch, GO, and Ce(NOs3)3 is shown in Figure 5.

SEM characterization was conducted to determine the
morphology of the SPE film. The results from SEM
characterization at 1000x magnification are shown in
Figure 6. The Ce 0% sample has a smooth surface and
appears to have no voids or cracks. White spots visible on
the SPE sample indicate that there is starch in the sample
that is not yet perfectly homogeneous [24]. The addition of
Ce(NOs)s salt shows that the surface of the SPE composite
becomes rougher and more porous, as shown in Figure 6.
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The addition of pores will allow ions to easily pass through
the membrane, potentially leading to increased
conductivity [7].

Table 1. Functional groups in the SPE film

Wavenumber (cm-1) Functional Groups
3304 - 3290 O-H stretching
2927 C-H stretching bands
1650 OH groups stretching and bending
1416 CH deformation in CH2-OH
1327 CH: deformation in CH2-OH
1149 Stretching vibration C-0 in C-0O-H
1077 Stretching vibration C-0 in C-0O-H
1020 C-0-H deformation
997 C-0 stretching in C-0-C groups
' T T T ™ T T
,‘\ 2927 -
L WNig
O-H : o Ce 9%j
\\ ' Y N 1‘/%
\ [\ Ce 70/4
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Figure 4. FTIR result for (a) 4000-400 cm! and
(b) 1500-1200 cm-!
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Figure 5. Proposed mechanism scheme between corn starch, GO, and Ce(NO3)3 [20]
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Figure 6. SEM results of SPE films at 1000x magnification for (a) Ce 0%, (b) Ce 2.5%, (c) Ce 5%, (d) Ce 9%, and at 10,000x magnification
for (e) Ce 0% and (f) Ce 9%

Figures 6(e) and (f) show the SEM results at 10,000x TGA characterization was conducted to determine whether
magnification for the Ce 0% and Ce 9% samples, the addition of Ce(NO3)3 could result in changes in thermal
respectively, with Figure 6(f) highlighting the porosity = decomposition behavior. Figure 7(a) shows the TGA

caused by the addition of Ce(NO3)s. characterization graph of the SPE film with variations of
T T T T T T
T T T T T )
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Figure 7. (a) TGA results and (b) TGA mass loss
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Ce 0%, Ce 2.5%, 5%, and Ce 7%, and Figure 7(b) shows the
mass reduction values for the Ce 0% and Ce 7% samples.

Region | represents the first decomposition occurring
before 100°C due to water loss. The mass reduction in the
Ce 0% sample was 3.94%, while in the Ce 7% sample, it was
7.85%. The higher the salt content, the more water is lost
compared to samples with lower salt concentrations. This
occurs due to the hydrophilic properties of the salt [25]. In
Region 1, the Ce 7% sample experienced a mass reduction
of 5.73%. Region Il represents the mass reduction related to
the salt-starch bond in the temperature range of 100—
180°C [25]. In Region I1I, the Ce 0% sample experienced a
mass reduction of 63.33%, and the mass reduction in the Ce
7% sample was 66.8%. Region III is related to starch
degradation [26]. In Region IV, the Ce 0% sample had a
residue mass of 32.43%, and the Ce 7% sample had a
residue mass of 17.04%.

Table 2 shows the decomposition temperatures of the SPE
film with variations of Ce 0%, Ce 2.5%, 5%, and Ce 7%. The
decreasing decomposition temperatures with increasing
Ce(NO3)3 indicate that the more crystalline a polymer is, the
more energy is required to break the bonds in the polymer
[19].

Figure 8(a) displays the results of an EIS test to measure the
ionic conductivity of SPE. It was discovered that increasing
the amount of Ce(NOs3)3 salt caused a narrower semicircle in
the Nyquist plot, indicating increased ionic conductivity in
the SPE film.

Ionic conductivity is calculated using bulk resistance, which
is obtained from the EIS test results in the form of a Nyquist
plot. Figure 8(b) illustrates how an analogous circuit is used
to fit the Nyquist plot and calculate the bulk resistance. Ionic
conductivity is determined by overall ionic mobility and the
amount of charge carriers.

Using Equation (2) to calculate ionic conductivity, the
results indicate that ionic conductivity increases with salt
content, with Ce 9% exhibiting the highest conductivity at
2.62 x 109 S/cm compared to variations of Ce 0%, Ce 2.5%,
Ce 5%, and Ce 7%. Figure 9 shows the graph of increasing
ionic conductivity in the SPE film with variations of Ce 0%,
Ce 2.5%, Ce 5%, Ce 7%, and Ce 9%. The increase in ionic
conductivity with the increase in the amount of Ce(NO3)3 is
due to the amorphous phase, as the amorphous phase has
higher ionic diffusion, resulting in better conductivity [15].

Table 2. The decomposition temperature of the SPE film

Initial Final
Sample decomposition decomposition
temperature (°C) | temperature (°C)
Ce 0.0% 273 492.0
Ce 2.5% 246 393.0
Ce 5.0% 180 339.8
Ce 7.0% 172 339.6
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Higher ionic conductivity makes it easier for ions to travel
between polymer chains. In electrochemical systems like
batteries and supercapacitors, higher ionic conductivity
facilitates quicker ion movement, which accelerates the
charging and discharging process [27]. Furthermore,
increased conductivity leads to longer cycle stability and a
reduced internal resistance [28].

Ionic mobility is shown in Figure 10, which is a scheme of
ion movement with segmental motion on polymer chain
bonds. The decrease in crystallinity in the polymer
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Figure 8. (a) Nyquist plot graph of SPE sample and
(b) equivalent circuit
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Figure 10. Scheme of ion movement with segmental motion on polymer chain bonds

increases segmental motion because the crystalline regions
of the polymer have an orderly and dense structure,
restricting polymer chain movement. The more amorphous
the polymer, the easier it is for the polymer chains to move,
leading to increased segmental motion. Easier polymer
chain movement can increase ionic conductivity, as moving
polymer chains create spaces that can be filled by ions and
coordinated with -OH groups. These ions continue to move,
filling the spaces created by the polymer chains during the
ion transfer process [29].

4. CONCLUSION

The addition of Ce(NOs)s salt to SPE using corn starch and
GO causes the SPE film to become more amorphous, as
shown by the XRD data. Based on the FTIR results, the
starch is going to get more amorphous because of the
interaction between Ce(NO3)3 and the starch's OH groups,
as well as hydrogen bonding between GO and starch.
Furthermore, SEM characterization data suggest that the
addition of Ce(NOs)s salt increases the porosity of the SPE
film surface. TGA characterization shows that the
decomposition temperature decreases as the amount of
Ce(NOs3)3 increases, implying that the more crystalline a
polymer, the more energy is required to break the
polymer's bonds. According to the characterization results,
adding Ce(NOs)3 makes the starch more amorphous, thus
enhancing its conductivity.

The addition of Ce(NOs3)s3 salt to SPE with corn starch and GO
influences the rise in ionic conductivity value. The SPE film
with 9% Ce variation has an ionic conductivity of
2.62 x 10 S/cm. The rise in ionic conductivity with an
increase in the amount of Ce(NOs)s is due to the amorphous
phase, which has greater ionic diffusion, resulting in higher
conductivity.
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