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Abstract
For safety reasons, solid polymer electrolytes (SPEs) have been developed as an alternative to liquid 
electrolyte. Nevertheless, the research advancement of all-solid-state energy storage is impeded by 
the ion transport between solid-solid interfaces. The incorporation of fillers into polymer matrices 
is a common approach to improve ion transport. The objective of this study is to enhance the ionic 
conductivity of corn starch-based SPE by incorporating zinc oxide (ZnO), vanadium oxide (V2O5), 
and cerium oxide (CeO2) as inorganic fillers through the solution casting method. X-ray diffraction 
(XRD) indicated that the incorporation of 20 wt.% ZnO resulted in the highest amorphous state 
of 93%, thereby enhancing the ionic conductivity due to increased pathways for ion transfer. This 
finding was further supported by the analysis of the glass-transition temperature (Tg), recorded 
at 25.6°C via differential scanning calorimetry (DSC), thereby reinforcing the evidence for the 
amorphous state. The shift of the CH2OH band from 1330 to 1321 cm-1 in Fourier transform infrared 
spectroscopy (FTIR) indicates the presence of the filler in the polymer structure. Moreover, the 
increased amorphous content leads to the formation of pores, as evidenced by scanning electron 
microscopy (SEM), which enhances the ionic conductivity of the solid polymer electrolyte (SPE). The 
ionic conductivity of the SPE containing 20 wt. % ZnO at ambient temperature is 3.021 × 10-3 S/cm,  
as measured by electrochemical impedance spectroscopy (EIS). This result is comparable to the 
ionic conductivity of liquid electrolytes (10-4 – 10-2 S/cm), indicating possible applicability as a solid 
electrolyte.
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1. Introduction

Fossil fuels have long been the main source of energy 
to meet escalating global energy demands. Nonetheless, 
the use of fossil fuels has numerous negative impacts, 
including heightened pollution and global warming [1]. 
Recently, the need for efficient energy storage systems 
has grown due to finite fossil fuel resources and the 
global population growth. Consequently, society is 
transitioning to sustainable energy sources with higher 
energy and power density [2]. Recent advancements 
in energy storage systems include lithium-ion batteries 
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(LIBs) and supercapacitors (SCs), both of which exhibit 
superior electrochemical characteristics, including high 
energy density and extended cycle life [2, 3].

Batteries often utilize liquid electrolytes; however, 
these present concerns such as higher flammability and 
leakage. In contrast to liquid electrolytes, Solid Polymer 
Electrolytes (SPEs) are being utilized and developed 
due to their advantages, including superior mechanical 
strength and chemical reaction neutrality, which mitigate 
side reactions with electrodes and hinder crystallization 
in batteries. Consequently, SPE is a promising discovery 
for the development of lithium batteries with a high level 
of safety, stability and energy density [4]. 

However, SPEs also still suffer from a significant 
weakness, namely, their very low ionic conductivity 
(10-11 - 10-9 S/cm) which is highly undesirable when 
compared with liquid electrolytes (10-4 - 10-1 S/cm) 
at room temperature [4, 5]. High ionic conductivity is 
desired because it allows electrons to move freely within 
the battery system, increasing the electric current and 
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thus the efficiency of electrochemical devices  [6].
The use of synthetic polymers as a base for SPE 

is currently under development, but this raises 
environmental concerns because most of them are 
petroleum-derived and not readily biodegradable [7]. 
Many countries in the world are currently emphasizing 
energy consumption and the use of environmentally 
friendly materials to implement sustainable systems, so 
that biopolymer materials such as starch, polylactic acid, 
chitosan, etc. are being intensively developed to become 
materials that have the potential to replace the use of 
conventional plastics [8].

Starch-based biopolymers are abundant, cheap, easy 
to shape, environmentally friendly, and have the same 
molecular structure as petroleum-based plastics [9]. 
The researchers considered employing natural polymers 
or composites with natural polymers, such as starch, 
as SPE [10]. Starch is a semi-crystalline material from 
a combination of amylose with a long chain structure 
and amylopectin with a branched chain structure 
[11]. Amylose can recrystallize into a single helix, and 
amylopectin can recrystallize into a double helix through 
a process called retrogradation, which reconstructs the 
starch’s crystalline structure. High levels of amylose are 
desirable, as the single helix structure facilitates easier 
electron passage than the double helix structure [8]. One 
starch source that contains a high level of amylose is corn 
starch which has an amylose concentration of 28% so it 
can be a candidate for use as a base in SPE. [12]. However, 
corn starch-based SPEs has low ionic conductivity at 
low temperatures (10-10 - 10-9 S/cm) and the degree of 
crystallinity was low as indicated by the many peaks in 
the XRD analysis [6, 11, 13]. One of many methods used 
to increase the ionic conductivity of SPE is by the addition 
of filler compounds. Qin et al. stated that the addition 
of fillers can increase the ionic conductivity value to 
reach 10-2 S/cm [14]. One type of filler currently being 
developed is an inorganic filler because it can reduce 
the rate of crystallization, resulting in a more amorphous 
structure and increases polymer chain mobility, which 
can enhance ion transport [4].

Feng et al. stated that the usage of 5 wt.% vanadium 
oxide (V2O5) in PVDF-based SPE shows poor crystallinity, 
very low glass-transition temperature (Tg), and high ionic 
conductivity, namely reaching 1.1 × 10-2 S/cm whereas 
using more than 20 wt.% could reduce ionic conductivity 
due to limited solubility [5].  Ao et al. used 8 wt.% cerium 
oxide (CeO2) in the form of nanowires (NWs), which 
increased ionic conductivity with a value of 1.1× 10-3 S/
cm. This happens because the NW filler seems to create 
a path for Li+ ions to move more freely than using NP filler 
[15]. Based on research conducted by Mokhtar et al., the 
use of 20 wt. % zinc oxide (ZnO) filler can increase ionic 
conductivity to 1.61×10-2 S/cm at room temperature, 
and reduce crystallinity [16]. Therefore, this research 
will focus on the effect of the type and concentration of 
inorganic fillers used to increase the ionic conductivity of 
corn starch-based SPE.

2. Experimental Procedure

2.1. Synthesis of Solid Polymer Electrolyte (SPE)
In this study, Corn starch (C6H10O5)n was obtained from 

an online retailer (Maizenaku) with amylose content of 
28%. Lanthanum nitrate (La(NO3)3) with 99.9% purity was 
obtained from Sigma-Aldrich. Inorganic filler - cerium 
oxide (CeO2), vanadium pentoxide (V2O5), and zinc oxide 
(ZnO) – with 99.8% purity was obtained from Sigma-
Aldrich.

SPE was synthesized using solution casting with 1.5 
g corn starch, 25 mL water, 0.8 mL glycerol, and varying 
amounts (0%, 5%, 10%, 20%) of V2O5, CeO2, or ZnO fillers. 
0.5 g (25 wt.%) of La(NO3)3 was also added. SPE synthesis 
is initiated by diluting corn starch, lanthanum nitrate, and 
glycerol in distilled water with a magnetic stirrer. After 
that, fillers were added in corn starch solution until fully 
dispersed. The mixture was then placed in a water bath 
and stirred at 85°C for 1 hour to ensure homogeneity. The 
solution was then allowed to cool to room temperature 
to remove air bubbles.  Finally, the mixture was poured 
into a petri dish and dried in an oven at 40°C until an SPE 
film formed.

2.2. Properties Measurement
The synthesized SPE samples were characterized using 

an X-ray diffractometer (XRD, PanAnalytical, Empyrean) 
to analyze the amorphous or crystalline nature of the 
SPE films films. X-ray diffraction measurements were 
performed over an angular range of 5°–90° using Cu Kα 
radiation (λ = 1.54056 Å) with a Ni filter, at an accelerating 
voltage of 40 kV and a current of 100 mA. Measurements 
were conducted over a 2θ range of 5°–80°, with a 
scanning speed of 0.5°/min and a step size of 0.05° at 
room temperature. These parameters allowed for the 
analysis of the Full Width at Half Maximum (FWHM) and 
the degree of crystallinity of the SPE (equation 1).

c
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	�  (1)

where Xc is the degree of crystallinity, Ac is the width 
of crystalline area and Aa is for the width of amorphous 
area.

FTIR characterization was performed using a Thermo 
Scientific Nicolet iS10 to identify ionic interactions between 
corn starch, La(NO3​)3​, and the filler in the wavenumber 
range of 4000 cm−1 to 400 cm−1. SEM characterization 
was performed using an FEI Inspect S50 at magnifications 
of 2500×, 5000×, and 10,000× to observe the surface 
morphology of the sample. DSC was used to determine 
the glass-transition temperature (Tg) and melting 
temperature (Tm) of the SPE samples. The measurement 
was carried out using a Mettler Toledo system with a scan 
rate of 10°C/min over a temperature range of 25–150°C. 
EIS is characterized using CS potentiostat/galvanostat 
(electrochemical workstation) with a frequency range 
of 1 MHz – 1 Hz, test signal voltage of 10 mV, and using 
three electrodes (reference, counter, and working). The 
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SPE underwent Electrochemical Impedance Spectroscopy 
(EIS) test to determine its electrochemical performance. 
For EIS preparation, the sample thickness was measured 
using a digital screw micrometer, and the sample was then 
clamped between aluminum plates serving as electrodes, as 
illustrated by the equivalent circuit in Figure 1. The Nyquist 
plot data were fitted to an equivalent circuit to obtain the 
bulk resistance value (Rb​), and the ionic conductivity of the 
SPE sample can be calculated using Equation 2.

. b

l
A R

σ = 	�  (2)

where σ is the ionic conductivity of the SPE (S/cm), l 
is the SPE thickness (cm), A is the surface area of the SPE 
(cm2), and Rb​ is the bulk resistance of the SPE (Ω). 

3. Result and Discussion

3.1. SPE synthesis result
SPE was synthesized using corn starch as the 

matrix. La(NO₃)₃ was used as the salt, and glycerol was 
incorporated as a plasticizer. CeO₂, V₂O₅, and ZnO were 
employed as fillers at varying weight percentages (wt.%). 
Specifically, each filler was added at 5 wt.%, 10 wt.%, and 
20 wt.% for its respective variations. The synthesis utilized 
the solution casting method  [17], and the resulting SPEs 
are depicted in Figure 2.

3.1. X-Ray Diffraction Analysis
XRD was used to identify the crystallization degree of 

SPEs samples. Figure 3 shows that pure corn starch (CS) is 

an A-type starch, characterized by peaks in the XRD data at 
diffraction angles of 15.2°, 17°, 18°, and 23° [18, 19]. In the 
SPE, glycerol was utilized as a plasticizer, which resulted in 
the crystal structure of the starch changing from A-type 
to B-type, with peaks at 16.8°, 19.8°, and 22.2° [18, 20].  
Because of the shift in crystal structure from a monoclinic 
to a hexagonal pattern, which increases water absorption 
and hydrogen bonding in SPE, the CS+Gly variant is more 
amorphous than pure CS [19]. Corn starch peak intensity 
significantly decreased and the peak angle widened when 
La(NO3)3 salt was added [21].

Fillers help in the process of salt dissociation, which 
raises the value of ionic conductivity [22]. Additionally, 
as Figure 3 illustrates, the filler acts as a physical barrier 
that may prevent crystals from growing in maize starch, 
resulting in a decrease in peak intensity and a broadening 
of the peak angle, which to the point where distinguishing 
these peaks becomes challenging. However, each 
filler used significantly decreases peak. The Degree of 
Crystallinity was calculated using Equation 1, with the 
results summarized in Table 1.

Based on Table 1, the lowest degree of crystallization 
occurs at ZnO filler with a value of 7.23% having the 
maximum amorphous region with an amorphous state 
of 92.77%. This phenomenon may occur because the 
addition of fillers hinders the growth of crystal formation 
in corn starch, thereby increasing the amorphous region 
in the SPE [24]. Furthermore, a higher amorphous 
content generally leads to increased ionic conductivity, as 
it provides more pathways for ion transport  [15].

3.2. Fourier Transform Infrared (FTIR) Spectroscopy 
Analysis

FTIR spectroscopy was used to investigate the 
interactions between the corn starch polymer, salt, and 
the inorganic filler used across all samples. Figure 4 shows 
the FTIR result of SPE.

The O-H functional group, which can bind water, 
 

 
Figure 1. SPE equivalent circuit  

 

 

 
 
Figure 2. Corn starch based SPE synthesis results via solution casting method. 
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Figure 2. Corn starch based SPE synthesis results via solution casting method.
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alter chemical structure, and cause salt dissociation in 
the 3458–3178 cm–1 wavenumber, is the first peak that 
could be observed [25, 26]. According to [18] adding 
glycerol may alter the binding structure by increasing the 
hydroxyl (O-H) group, which facilitates the process of salt 
dissociation and lowers the peak in CS+Gly. The addition 
of (La(NO3)3) salt resulted in the shifting and widening of 
the hydroxyl group peak, which moved from 3281 cm-1 to 
a lower wavenumber of 3261 cm-1 [16]. The use of fillers 
in nanoparticle form, which can attract water molecules, 
is thought to cause the observed shift of the O-H group to 
a lower wavenumber [27].

Vibrations at 1648 cm-1 are attributed to OH bending, 
a sign that water is present in the starch molecule [28]. In 
amorphous starch molecules, the addition of lanthanum 

salt strengthens the O-H bending and shifts it to a lower 
wavenumber of 1640 cm-1, indicating a more stable 
hydrogen bond [16, 18, 29]. Moreover, CH2-OH bending 
vibration at 1457, 1420, and 1330 cm-1 is linked to CH 
and CH2 deformation [13, 30, 31]. The addition of filler 
lowers the intensity in CH2 deformation which indicates 
a presence of filler [16]. Furthermore, it causes a shift in 
the CH2-OH bending group and CH deformation to a lower 
wavenumber, indicating the location of complexation 
sites [32]. 

The C-O-H deformation and C-O-C stretching are 
indicated by peaks at 1021 and 991 cm⁻¹, respectively 
(Figure 4). The addition of salt, through the retrogradation 
process, breaks down amylopectin into amylose. This 
increases the amylose percentage, consequently making 
the SPE more amorphous  [7, 8]. The breakdown of 
amylopectin into amylose also shows an increase in the  
C-O-H peak and a decrease in the C-O-C peak, which 
facilitates the complexation between the salt and polymer 
[21, 33]. Additionally, a peak at 860 cm-1 represents the 
C-O-C ring vibration of amorphous starch structures. [34]. 
The interaction mechanism of CS, La3+, and filler proposed 
by FTIR analysis is shown in Figure 5.

 
 
Figure 3. XRD pattern of corn starch based solid polymer electrolyte. 
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Figure 4. FTIR spectra for corn starch based solid polymer electrolyte. 
 

Figure 4. FTIR spectra for corn starch based solid polymer electrolyte.

Table 1. Degree of Crystallinity of corn starch based SPE. 
 

Sampel Amorphous State (%) Crystallinity (%) 
CS 48.56 51.44 

CS + Gly 66.76 33.24 
CSLa 84.32 15.68 

CSLaCe 91.07 8.93 
CSLaV 89.82 10.18 
CSLaZn 92.77 7.23 

 
 

Table 1. Degree of Crystallinity of corn starch based SPE.
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3.3. Morphology Analysis
The Scanning Electron Microscope (SEM) has been 

used to verify the physical parameters of SPE samples 
through the analysis of the microscopic morphologies of 
the SPE particles. Figure 6 illustrates the morphology of 
SPE at a magnification of 5000×, showing a whitish mass 
recognized as corn starch (CS) which remains undissolved 
due to its poor solubility properties [35]. The addition 
of La(NO3)3 at 25 wt.% contributes to an increase in 
surface roughness, thereby enhancing the surface area 
[35]. Nonetheless, the incorporation of filler results in a 
gradual increase of surface defects and pore dispersion, 
with the CSLa:Zn sample exhibiting the most significant 

roughness [36, 37]. This structural deformation illustrates 
the dispersion of filler inside the polymer matrix, affecting 
surface homogeneity and promoting the formation of 
void networks [38].

The samples with filler exhibited a greater number of 
pores, corresponding to the overall condition of surface 
roughness. Materials characterized by diverse pore 
distributions typically exhibit this property [39]. The 
porosity ranged from 0.265% in CSLa, 1.095% in CSLaCe, 
6.235% in CSLSV, to 6.937% in CSLaZn, with the observed 
enhancement indicating significant modifications in 
surface morphology, demonstrating the interaction 
between the polymer matrix and the filler [36].

 
 
Figure 5. Proposed mechanism of corn starch molecule inhibiting inorganic filler. 
 

Figure 5. Proposed mechanism of corn starch molecule inhibiting inorganic filler.

 
 
 
Figure 6. Surface morphology for (A) CS + Gly (B) CSLa (C) CSCe (D) CSV and (E) CSZn from SEM. 
 

Figure 6. Surface morphology for (A) CS + Gly (B) CSLa (C) CSCe (D) CSV and (E) CSZn from SEM.
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3.4. Thermal Stability Analysis
Solid Polymer Electrolyte (SPE) membrane thermal 

characteristics are examined using DSC and the results 
are shown in Figure 7. According to Figure 7A, the SPE 
membrane’s melting temperature (Tm) is represented 
as an endothermic form peak on the DSC curve [40]. 
The CS+Gly variation’s DSC curve demonstrates a 
large, shallow endothermic peak that denotes a highly 
crystalline structure [8]. A stronger (deeper) endothermic 
peak and a lower Tm of the SPE membrane could result 
from the addition of salt, such as lanthanum nitrate, as 
in the CSLa variation. This suggests a more amorphous 
and less rigid structure, which has been confirmed by 
XRD analysis [8, 41]. Because corn starch is in a lower 
crystalline condition following the addition of filler, the 
shifting of Tm may be much smaller [15].

The derivative curve of the DSC result, within the 
25–35°C range, is displayed in Figure 7B to calculate the 
glass-transition (Tg) value of SPE. The glass-transition 
temperature (Tg) of the SPE membrane was calculated 
using a derivation approach based on the Heat Flow curve. 
Apostolidis et al. state that the Tg of the SPE membrane is 
indicated by the first peak on the first derivative heat flow 
curve corresponds to the highest (deepest) endothermic 

energy [42]. The addition of salt may reduce the Tg of 
the SPE membrane, as revealed by the first derivative 
heat flow curve in Figure 7, which reveals that CS-Gy and 
CSLa, have Tg of 26.3°C and 25.9°C, respectively [8, 41]. 
Additionally, filler helps to further reduce the Tg value [5]. 
Lower Tg values are preferred because they may indicate 
polymer mobility and are anticipated to increase ionic 
conductivity. This is the case with the CSLaCe, CSLaV, and 
CSLaZn variations, which have lower Tg values of 25.6°C, 
26°C, and 25.6°C, respectively [43, 44].

3.5. Electrochemical Performance Analysis
Electrochemical impedance spectroscopy (EIS) was 

utilized to determine the ionic conductivity of the SPE 
film. The results of the measurement were then plotted 
on a graph, with Z’ (Ohm) serving as the x-axis and Z’’ 
(Ohm) serving as the y-axis, respectively. The results of 
the EIS test are depicted in Figure 8A, and Figure 1 depicts 
the equivalent circuit of SPE that is sandwiched between 
two electrodes. At low frequencies along the real Z axis, 
these data illustrate how the presence of filler can cause 
a change in the ionic conductivity value where depressed 
semicircle was shown for all membranes. The high-
frequency semicircle reflects the dielectric behavior of 

 
 
Figure 7. (A) DSC heating curve of corn starch based solid polymer electrolyte and (B) First derivative of DSC heating 
curve 
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Table 2. Ionic conductivity values of corn starch based SPE. 
 

Sample Rb (Ω) A (cm2) l  (cm) σ (S/cm) Percentage Change 

CSLa 143 3.14 0.032 7.127 ×10-5 - 

CSLaCe5 83.28 3.14 0.055 2.103 ×10-4 195.08% 

CSLaCe10 79.48 3.14 0.055 2.204 ×10-4 209.25% 

CSLaCe20 40.84 3.14 0.055 4.289 ×10-4 501.79% 

CSLaV5 20.81 3.14 0.055 8.417 ×10-4 1081.01% 

CSLaV10 387.16 3.14 0.042 3.455 ×10-5 -51.52% 

CSLaV20 2193 3.14 0.062 9.004 ×10-6 -87.36% 

CSLaZn5 112.05 3.14 0.041 1.165 ×10-4 63.46% 

CSLaZn10 60.66 3.14 0.043 2.258 ×10-4 216.82% 

CSLaZn20 4.85 3.14 0.046 3.021 ×10-3 4138.81% 
 
 

Table 2. Ionic conductivity values of corn starch based SPE.

 

 
 
Figure 8. (A) Nyquist plot of corn starch based solid polymer electrolyte and (B) Ionic conductivity trend. 
 

Figure 8. (A) Nyquist plot of corn starch based solid polymer electrolyte and (B) Ionic conductivity trend.
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the SPE and can be modeled using parallel capacitive and 
resistive elements. The capacitive response is represented 
on the Z’’ (imaginary) axis, whereas the resistive response 
appears on the Z’ (real) axis [45]. The point between 
depressed semicircle and continuous slope (polarized 
state) was used to determine the bulk resistance (Rb) of 
SPE [46]. Therefore, the faster the SPE transitions into 
the polarized state, the better, because it indicates low 
bulk resistance and thus higher ionic conductivity [45]. 
Considering the results of the EIS plot, Equation 1 can be 
utilized to determine the ionic conductivity value of the 
SPE sample.

Based on previous research, pure corn starch has an 
ionic conductivity of10-10 S/cm [6]. Adding filler could 
increase the ionic conductivity even further since filler 
has a role in disrupting the crystalline growth of the SPE 
sample and making a pathway for a fast ion transport 
[15]. Thus, the highest conductivity from SPE is 3.021×10-

3 S/cm with the addition of 20 wt.% ZnO. However, the 
addition of V2O5 results in a decrease in ionic conductivity 
value which is caused by a blocking effect in which filler 
restricts polymer chain mobility thus increasing the 
resistance [47]. 

The value of ionic conductivity in SPE is related to 
segmental motion. Segmental motion is a phenomenon 
involving ion hopping mechanism due to strain and 
relaxation movements in polymer chains as illustrated 
in Figure 9 [48]. An increase in the amorphous region 
improves the ionic conductivity which can promote cation 
intermolecular coordination, resulting in cations moving 
more easily [48, 49]. 

4. Conclusion 

This work revealed that the incorporation of ZnO, 
CeO2, and V2O5 as inorganic fillers into corn starch-based 
solid polymer electrolytes led to an enhancement in the 
amorphous state, as indicated by the characterization 
results. The amorphous structure of the polymer was 
confirmed by XRD results. The rise in the amorphous state 
resulted from the interaction between the polymer and 
salt, characterized by a reduction in C-O-C groups and a 
corresponding increase in C-O-H groups, which enhances 
hydrogen bonding among the polymer, salt, and filler, as 
indicated by FTIR analysis. Additionally, the SEM results 

indicated a transformation in the morphology of the 
SPE, resulting in an uneven grain pattern, the presence 
of pores, and an increase in surface roughness following 
the incorporation of filler. In addition, the amorphous 
nature of the SPE is corroborated by differential scanning 
calorimetry (DSC) analysis, which indicates that the 
filler can lower both the melting temperature (Tm) and 
the glass-transition temperature (Tg). The amorphous 
structure of the SPE is anticipated to exhibit enhanced 
ionic conductivity. Moreover, at a filler content of 20 wt.%, 
the maximum ionic conductivity of SPE with ZnO, CeO2, 
and V2O5 were recorded for 3.02×10-3 S/cm, 4.29×10-4 S/
cm, and 9.00×10-6 S/cm, respectively. V2O5 exhibited the 
lowest conductivity at elevated concentrations due to 
a blocking effect that initiates agglomeration reactions, 
thereby increasing resistance.
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