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Abstract—The solution-cast method was used to prepare new solid polymer electrolytes (SPEs) that conduct potas-
sium jons and are based on polyethylene glycol (PEG) complexed with potassium nitrate (KNO;). This polymer elec-
trolyte system was characterized using different experimental techniques, such as X-ray diffraction (XRD), differential
scanning calorimetry (DSC), composition vs. conductivity, temperature vs. conductivity, frequency-dependent conduc-
tivity, and dielectric measurements. The degree of crystallinity decreased with increasing salt concentration, according
to the X-ray diffraction and DSC patterns of PEG with KNO; salt. For PEG : KNO, (80:20) composition, an opti-
mum conductivity of 8.24x 10 ° S/cm was recorded at 30 °C. Compared with pure PEG, the optimum conducting com-
position (OCC) conductivity increased by two orders of magnitude. The temperature range of 303 to 333 K was used
for the temperature-dependent conductivity experiments. The findings demonstrate that the conductivity obeys the
Arrhenius rule and increases as the temperature rises. A dc plateau and a dispersive zone were observed in the conduc-
tance spectrum, which also follows Jonscher’s power law. It was investigated how temperature and frequency affect the
dielectric permittivity. An electrochemical cell with the configuration K/(80PEG : 20KNO;)/(I,+C+electrolyte) was
constructed using an 80:20 electrolyte system, and its discharge properties were investigated. The cell's open circuit
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voltage was measured at 2.48 V.
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INTRODUCTION

Researchers over the past 40 years have improved polymer elec-
trolytes for use in viable rechargeable batteries, fuel cells, superca-
pacitors, and solar cells [1-4]. Solid electrolytes have many benefits
over liquid electrolytes, including not leaking, being lightweight, hav-
ing flexible geometry, being easy to produce, not internally short-
ing, and being able to reduce battery size [5-7]. In 1979, the first
solid polymer electrolyte-based battery was practically proved after
the first ion-conducting solid polymer electrolyte was disclosed in
1973 [8,9]. Since then, several types of mobile ionic species, includ-
ing charge carriers like Ag', Li', Na', K, Mg, Zn™*, and Cu*", have
been observed in solid-state ionic materials [10-16]. The ionic con-
ductivity increased as the salt concentration increased; however,
the weak mechanical strength and potential stability of these poly-
mer electrolytes are their main. drawbacks Gao et al. explained that
single-ion conducting polymer electrolytes are key materials for
next-generation battery applications [17]. The lithium salts LiTDI
and LiDFOB were successtully tested in PEO matrix systems, prov-
ing to be a promising, improved electrolyte for lithium-ion batteries
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[1,18]. After incorporating InAs nanowire fillers, PEO/PVP doped
with sodium hexafluorophosphate solid polymer electrolytes showed
high sodium ionic conductivity, which is approximately 1.50x10™*
Scm™" at 40°C. This is one of the better electrolyte materials for
the next generation of high-capacity, high-performance, and inex-
pensive batteries [19].

Li and Na have smaller ionic radii than potassium (K), which is
1.33 A. Because of the greater radius, the potassium salts” activation
energy is lower. K salt has a higher level of salt salvation because of
its lower lattice energy. Potassium metal can be employed in a wider
variety of technologies due to its softness. Compared to lithium,
potassium is far more plentiful, cheaper, and less moisture-resis-
tant [20]. A key activity in this scenario is the synthesis of poly-
mer electrolytes either from sustainable resources or waste-derived
products. Potassium batteries have intriguing features as large-scale
energy storage systems [21]. In the field of large-scale energy stor-
age, sodium-ion batteries (SIBs) and potassium-ion batteries (KIBs)
are viewed as viable alternatives to lithium-ion batteries (LIBs) due
to the low cost of sodium/potassium resources and similar electro-
chemical characteristics of Na'/K* to Li* [16].

Potassium salts, which differ from Li-ion conducting electrolytes
in that they are made up of molecularly flexible anions with a sub-
stantially delocalized electron density, can be used to create K-ion
conducting gel polymer electrolytes and solid-state polymer elec-
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Fig. 1. Interaction scheme between PEG and KNO:.

trolytes. Recently, a water-free potassium ion-conducting polymer
electrolyte was successfully synthesized and used in an all-solid-state
half-cell with a fluorine-containing salt, the potassium bis(fluoro-
sulfonyl)imide (KFSI) [22]. PEO-KFSI electrolyte films demonstrated
high conductivity values up to 10*S/cm at 60°C. On the other
hand, a conductivity value of 1.36x10~°S cm™ was reported at room
temperature for poly(propylene carbonate)-KFSI polymer electro-
lytes, despite the fact that flammable liquid electrolytes are inher-
ently riskier than these solid-state electrolytes [23,24].

Large molecular weight polymers (10°) like poly (ethylene oxide)
(PEO) are the most fully explored among the documented poly-
mer systems in terms of polymer complexation behavior with var-
ious metal salts [25,26]. Ionic conductivity and electrochemical cell
performance of PEO-KNO; solid polymer electrolytes have been
examined by Sreekanth and Rao [27]. Low molecular weight poly-
mers like PEG, however, have received relatively few publications
[28,29]. PEO and PEG have comparable structures and share repeat-
ing units; it is anticipated that the metal salt complexes of the PEG
system will have high ionic conductivity comparable to that observed
in the PEO systems.

Keeping these facts in mind, we synthesized the solid polymer
electrolytes by mixing KNO; salt with PEG in the current study.
Our findings show that the ionic conductivity of the solid polymer
electrolytes increases when KNO; is added to the PEG matrix. XRD
and DSC measurements were used to characterize the resulting
electrolyte films. Using the ac impedance analysis technique, the
conductivity of the solid polymer electrolytes was determined in
the temperature range of 303-333 K.

1. Role of KNO; as Dopant

The chemical formula of potassium nitrate is KNO,. It is a salt
made up of potassium ions (K*) and nitrate (NO;) ions. It is a nat-
urally occurring solid source of nitrogen that appears as a mineral
niter. One of the nitrogen-containing substances referred known
as saltpeter is potassium nitrate [30]. At room temperature, the sub-
stance has an orthorhombic crystal structure and is soluble in water.
KNO; was chosen because it mixes up quite well in the solution.
‘When introduced into polymers, this ionic salt is extremely important
for the enhancement of the structural, thermal, and electrical prop-
erties of ion transport systems. This is a helpful criterion to employ
when designing a battery electrolyte medium with proper composi-
tion and performance goals in mind. The exact ionic bonding scheme
of PEG moiety with KNO; is represented as follows (Fig. 1).

EXPERIMENTAL

1. Materials
Polyethylene glycol (PEG) from CDH, India, with a molecular
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Fig. 2. Synthesis process of solid polymer electrolytes.

weight of 4,000 was dried at 35 °C under vacuum for 48 h. KNO,
(98%, CDH, India) was vacuum-dried for 24 hours at 35 °C. We
used solvent as distilled water to prepare the PEG-inducted KNO;
solution.
2. Solid Polymer Electrolyte Preparation

The solid polymer electrolyte films of pure PEG and PEG com-
bined with KNO; were prepared by using solution blending and
controlled weight loading ratios of 100:0, 90: 10, 85: 15, 80: 20,
and 70:30. The systems homogeneity was attained after 12 hours
of steady stirring at room temperature. The solution was then poured
into glass Petri dishes where it slowly evaporated in a vacuum at
ambient temperature. In a controlled situation, the solvent evapo-
rated and the films peeled off. After that, the polymer electrolyte
samples were put into desiccators to dry out even more before the
test. Fig. 2 depicts the synthesis of solid polymer electrolytes.
3. Characterization

The nature of the synthesized polymer electrolyte systems was
investigated using WAXD Philips XPert PRO diffractometer (Almelo,
the Netherlands), using a graphite monochromator on the diffracted
beam and operating in the reflection geometry (CuKe radiation).
The thermal response was studied by differential scanning calo-
rimetry (TA Instruments model 2920 calorimeter) in a static nitro-
gen atmosphere at a heating rate of 5 °C per minute in a temperature
range of 0 to 100 °C. Using a HIOKI 3532-50 LCR Hitester, imped-
ance measurements were made in the temperature range of 303-
333K over the frequency range of 100 Hz to 1 MHz. The following
formula was used to determine the ionic conductivity from the
measured bulk resistance, thickness, and area of the polymer film:
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Fig. 3. XRD patterns of pure PEG, pure KNO;, and PEG complexed
with KNO; polymer electrolyte films.

P
R,A
where t is the polymer electrolytes thickness (measured in cm) using
a micrometer screw gauge, A is the blocking electrode contact’s
area (measured in cm®), and R, is the bulk resistance (measured
in Q). Electrochemical solid-state cells with the configuration K/
(80PEG : 20KNO;)/(I,+C+-electrolyte) were prepared under a con-
stant load of 100 kQ.

RESULTS AND DISCUSSION

1. X-ray Diffraction Studies

In order to evaluate the structure of the polymer electrolyte sam-
ples and look into the occurrence of complexation, X-ray diffrac-
tion experiments were conducted. Fig. 3 displays the XRD patterns
of the pure PEG, pure KNO, and polymer complexes of PEG:
KNO; (90:10, 85:15, 80:20, and 70:30). Although the mecha-
nism of ionic transport in polymer electrolytes is currently poorly
understood, polymer chains that are present in the amorphous phase
or domain are significantly in motion while not conducting in the
crystalline phase. The diffraction peaks between 26=19.2° and 23.4°
in the PEG : KNO; solid polymer electrolyte films are less intense
when compared to the X-ray diffraction patterns of pure PEG and
pure KNO;. This shows that when salt concentration increases,
PEGS degree of crystallinity decreases. In the polymer complexes,
the major peak at 26=29.1° that is found in pure KNO,; is still there
but is less intense. The creation of polymer-salt complexation is con-
firmed by the results above. The degree of crystallinity and peak
intensity is correlated, according to Hodge et al. [31]. Amorphous
polymers with flexible backbones can achieve this amorphous char-
acter, which leads to increased high ionic conductivity and ionic
diffusivity [32].
2. DSC Analysis

The thermal behavior of the PEG: KNO; polymer complex sys-
tems was investigated using DSC. Fig. 4 displays the DSC traces of
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Fig. 4. DSC traces of different concentrations of PEG : KNO; poly-
mer electrolytes.

Table 1. DSC results of PEG : KNO; polymer electrolytes

Electrolyte sample Melting point H,, X,
PEG : KNO; (T,) (in °C) (J/g) (in %)

100:0 60.62 204.3 100
80:20 59.68 134.6 65.88
70:30 58.56 1454 71.16

pure PEG and PEG:KNO; polymer electrolyte complexes with
20 wt% and 30 wt% of KNOs. Table 1 provides a summary of the
DSC results. These PEG : KNO, SPEs exhibit a distinct endother-
mic peak at a temperature of about 60 °C, which is consistent with
the typical melting of crystalline PEG. It is important to note that
the melting point (T,,) of these SPEs rises with decreasing K salt
concentration in the PEG : KNO; (100: 0, 80: 20, and 70 : 30) blended
electrolytes (Table 1). This could be attributed to the plasticizing
effects of K salt on these SPEs. The DSC traces show a pattern that
is consistent with the earlier findings [13,14]. The relative percent-
age of crystallinity (X,) was computed using the following equa-
tion under the assumption that pure PEG was 100% crystalline.

AH,,

X£:<AHS)>< 100%
where AH), is the standard enthalpy of fusion of pure PEG (ie.
204.3J/g) and AH,,, is the enthalpy of fusion of the SPEs. A decrease
in the degree of crystallinity and the predominance of amorphous
phase, which is also verified by the XRD results, are dearly indicated
by a decreasing of the T,, and broadening of the melting endo-
therm.
3. Composition Dependent Conductivity Studies

Complex impedance spectroscopy was employed to assess the
conductivity of the PEG with KNO; electrolytes. In complex im-
pedance graphs, the intersection of the high-frequency and real
axes yields the bulk resistance (R;). Fig. 5 shows the variation in
conductivity (o) as a function of the salt concentration of KNO; in
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Fig. 5. Ionic conductivity versus KNO; concentration at 303 K. Tem-
perature-dependent conductivity is in the inset

PEG at 303 K. According to the findings, pure PEG conductivity is
approximately 5.41x10™° S/cm at 303K, but it rises rapidly to 8.24x
10" S/cm in PEG with 20 weight percent KNO, salt. When com-
pared to pure PEG polymer film, the conductivity of these poly-
mer electrolyte films is observed to increase by more than two
orders. The change from a semi-crystalline phase to an amorphous
phase of the polymer complexes caused by the dispersion of KNO,
can be attributed to physical interactions between the polymeric
chain and salt, which can also be used to explain why the gener-
ated polymer electrolytes have improved ionic conductivity. Up to
a certain salt concentration, increased KNO; salt allows the seg-
mental mobility of the polymeric chain to increase. After that point,
however, rising salt concentrations lead the ion pairs to group together
into ionic dusters, further reducing ionic mobility. These ionic clus-
ters are less mobile, which can promote the formation of crosslinks
and stiffen the polymeric matrix. A considerable drop in jonic con-
ductivity was seen at greater concentrations, and it has been reported
that ionic conductivity increases with an increase in salt content by
up to 20 wt%.

The number of mobile charge carriers and the amorphousness
of the polymer electrolyte increased along with the salt concentra-
tion, which caused the conductivity to increase. On the other hand,
for the mixture containing 30 wt% of salt, a decrease in conductivity
was seen. This was brought on by ion aggregation, which reduced
the number of mobile charge carriers present per unit volume and
decreased ion mobility [33].

Furthermore, a reduction in free volume in the polymer matrix
brought on by the buildup of KNO; salt might cause conformational
changes in the polymer chains, which can prevent ions from being
inserted into or ejected from the polymer electrolyte surface [34].
Therefore, once the salt content exceeded 20 wt%, a correlation
between a drop in free volume and a decrease in ionic conductiv-
ity can be found.

4. Temperature-dependent Conductivity Studies

Studies on the relationship between conductivity and temperature

were performed on PEG:KNO, SPEs with 0wt% and 20 wt%
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KNO; salt. The films were tested for a.c. impedance in the 303 K
to 333 K temperature range while sandwiched between two block-
ing electrodes. According to Fig. 5 (inset), which is largely linear with
activation energy, E, for the films containing 0 wt% and 20 wt% of
KNO,; falls between 0.54 and 0.41 eV. The plot of logo vs 1000/T’s
regression value, R’, is nearly one, indicating that the plot can be
regarded as linear and that it follows the Arrhenius behavior. With
the insertion of 20 weight percent of KNO; into PEG, the activa-
tion energy is reduced. This shows that the addition of salt increases
the amorphous nature of the polymer electrolyte membrane, which
facilitates ionic transport mobility in the polymer network. The
polymeric chain’s increased flexibility allows it to improve the seg-
mental motion of the host polymer [35].

The free volume model can be used to show how conductivity
increases with temperature. As the temperature rises, the polymer
can easily expand and create free volume. As a result, the free vol-
ume increases along with the temperature. The free volume sur-
rounding the polymer chains determines the final conductivity,
which is represented by the overall mobility of ions and the poly-
mer. lons, solvated molecules, or polymer segments may therefore
travel into the free volume when the temperature rises. This causes
a rise in jon mobility and segmental mobility, which facilitates ion
transport and successfully offsets the obstructive impact of the ion
cloud [36].

5. Frequency-dependent Conductivity Studies

Figs. 6 and 7 illustrate the logarithmic conductivity as a function
of logarithmic frequency for PEG : KNO, polymer electrolytes with
various compositions at 303 K and that for the 80PEG : 20KNO;
polymer complex at various temperatures, respectively. The fre-
quency-dependent conductivity plots display two separate zones,
as seen in the pictures. The frequency-independent conductivity
correlates with the first region seen at low frequencies. The bulk
conductivity of the sample was given this conductivity value (o).
The conductivity rises with frequency in the high-frequency domain.
Extending the plateau region to the Y-axis was used to determine
the o, value. The highest conductivity for the 80PEG :20 KNO,
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Fig. 6. Conductance spectra of PEG : KNO; with different salt con-
centrations at 303 K.
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Fig. 7. Conductance spectra of 80PEG :20KNO; polymer electro-
Iyte at different temperatures.

polymer electrolyte was determined to be 7.92x10°° S/cm at 303 K.

It has been discovered that the values for bulk conductivity
derived from the impedance plot agreed with the dc conductivity
values acquired from conductance spectra. According to Fig. 7, the
dc conductivity rises as the temperature rises, which shows that the
free volume surrounding the polymer chain is what enhances the
conductivity as a result of the mobility of ions and polymer seg-
ments.

It is generally accepted that as the degree of crystallinity reduces
or, to put it another way, as the polymeric backbone’s pliability in-
creases, the conductivity rises. The amorphous region is growing
because of an increase in free volume, whereas the crystalline por-
tions restrict ion mobility by restricting the ions routes. The increase
in free volume makes it easier for ions to move across the amor-
phous area by facilitating the passage of ionic charges [37]. A reduc-
tion in the degree of crystallinity and the predominance of the
amorphous region are linked to the increase in conductivity in this
PEG system with an increase in salt.

6. Dielectric Analysis

The dielectric spectroscopic analysis of the PEG: KNO; poly-
mer electrolytes was examined in light of the electrolytes’ dielec-
tric permittivity. In essence, the dielectric experiments revealed that
the transport mechanism of KNO; salt ions across the PEG poly-
mer chain electrolytes was mostly caused by the hopping mecha-
nism coupled with the segmental motion of the polymer chain
[38]. The materials dielectric constant illustrates the polarization of
the material during the formation of the hetero-charge layer, which
is brought on by finite and reversible trapped ions deposited at the
electrode-electrolyte interface [39].

Fig. 8 shows the frequency dependence of the imaginary com-
ponent of the dielectric constant curve for all samples at room tem-
perature (303 K). As frequency rises, the imaginary portion of the
dielectric constant falls until it reaches saturation at higher frequen-
cies. The buildup of charge carriers close to the electrodes is the
likely cause of the high dielectric constant at low frequencies. The
increased charge carrier density at the space charge accumulation

2.5x10°

2.0x10°

1.5x10°

maginary

5

v 1.0x10°

5.0x10" 4

0.0

2 3 4 5 6 7
Logf (Hz)

Fig. 8. Variation of &4, vs. logf at 303 K.
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Fig. 9. Typical plots of variation of the imaginary part of dielectric

constant with frequency for sample 20 wt% of salt at differ-
ent temperatures.

zone, which led to an increase in the equivalent capacitance, is what
causes the higher values of the dielectric constant for 20 weight
percent of KNO; (greater conductivity). The high periodic rever-
sal of the applied field causes the dielectric constant to decrease at
higher frequencies [40].

The dielectric constant, &y, against logf of 80PEG : 20KNO,
at different temperatures is shown in Fig. 9. The charts make it
obvious that the values of &g, decline with frequency and sta-
bilize at higher frequencies. At low frequencies, the values of &g
are high, but as the frequency of the field increases, the values start
to fall. This could be because the dipoles can no longer follow the
field variation at higher frequencies as well as because of the polar-
ization effects. It has been determined that the charge build-up at
the electrode-electrolyte interface is what causes the low-frequency
dispersion area. The periodic reversal of the electric field happens
so quickly at higher frequencies that there is not any extra ion dif-
fusion in the field’s direction.

Polar and non-polar polymers exhibit variations in dielectric
permittivity as a function of temperature. The dielectric permittiv-

Korean J. Chem. Eng.(Vol. 40, No. 12)
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Fig. 10. Discharge characteristic plot of PEG : KNO; (80:20) electro-
chemical cell for a constant load of 100 kQQ.

Table 2. Cell parameters of (80PEG : 20KNO:;) electrolyte cell for a
constant load of 100 kQ2

Cell parameters K/[80PEG : 20KNO;]/

(I+C+electrolyte)
Open circuit voltage (OCV) 248V
Cell weight 158¢g
Area of the cell 1.33 cm’
Short circuit current (SCC) 324 uA
Load 100 kQ
Time for plateau region 65h
Specific power density 21.54 mW/kg
Specific energy density 1,355.31 mWh/kg

ity of polar polymers often rises with temperature. The dielectric
permittivity of non-polar polymers, however, is temperature-inde-
pendent [41]. This behavior is characteristic of polar dielectrics, in
which the permittivity increases as temperature rises by facilitat-
ing the orientation of dipoles.
7. Electrochemical Cell Discharge Characteristics

In Fig. 10, the discharge profiles of the configuration of solid-state
electrochemical cells K/(80PEG : 20KNO;)/(I,+C+electrolyte) are
depicted. The voltage dropped quickly at first, which may have
been caused by polarization or the emergence of a potassium salt
thin layer at the electrode-electrolyte interaction [42]. Table 2 con-
tains open circuit voltage (OCV), short circuit current (SCC), and
other cell characteristics of the cell. The SCC and the discharge
duration for the plateau region are found to match with earlier find-
ings published by other researchers [27,43]. This systems strong
ionic conductivity and increased amorphousness, as shown in the
80PEG : 20KNO; polymer electrolyte system, have been explained.

CONCLUSION
By using the solution casting approach and distilled water as the
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solvent, PEG with KNOs-based polymer electrolytes of various
weight percentages were prepared. The XRD and DSC analysis
shows that salt and polymers can create complex structures and that
the polymer complex is amorphous. At room temperature, an
80PEG : 20KNO; film was shown to have a maximum conductiv-
ity of 8.24x107° S/cm. Arrhenius behavior was observed in pure PEG
and 80PEG : 20KNO; samples. From the analysis of the Arrhenius
plot, it has been determined that the activation energy falls with the
addition of KNO; salt for both samples of pure PEG and 80PEG:
20KNO;. The characteristics of an electrochemical cell were estab-
lished using the solid polymer electrolyte 80PEG : 20KNO;. With
these specifications, the manufactured polymer electrolyte is guar-
anteed to be a strong contender for low-cost polymer electrolyte
membranes for solid-state batteries.
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