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Abstract: Poly (vinyl alcohol) (PVA)-based thin films can be utilized as an ion-conducting polymer
electrolyte membrane for battery and supercapacitor when it incorporates a sodium salt such as
Naz250s4. Hence, we fabricated the PVA/Na2SOs membrane using the phase inversion method, for
which ethanol was employed as a nonsolvent. Then we studied the structural, thermal, morpholog-
ical and electrical properties of the PVA-based membranes using x-ray diffraction (XRD), thermo-
gravimetric analysis (TGA) coupled with differential thermal analysis (DTA), optical microscopy
(OM) and electrochemical impedance spectroscopy (EIS). Resultantly, the PVA/Na250sbased solid
polymer electrolyte exhibited the ionic conductivity of ~2.0x107 S/cm. Furthermore, the electro-
chemical devices with the ITO/PVA(Na2504)/ITO configuration exhibited the electric double layer
capacitance (EDLC) behavior with the energy storage of 9.2 pF/cm? (Na2SO4 0.5M) and 8.1 pF/cm?
(Na250s4 1.0 M) in the potential range of 0.0V to 1.2 V.
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1. Introduction

Plastic membranes can serve as an ion-conducting polymer electrolyte for the energy stor-
age and conversion devices such as batteries, supercapacitors, fuel cells, and photovoltaic
devices (Kim & Chung, 2002; Kim et al., 2006). Polymer electrolytes have a number of
benefits over conventional liquid electrolytes, which may include the enhanced safety,
improved stability, and design flexibility (e.g., roll-to-roll processibility) with low cost
(Drioli & Fontananova, 2012). However, finding a balance between the high ionic conduc-
tivity and the mechanical resilience with desirable interfacial properties is the major chal-
lenge in the development of polymer electrolytes (Wang et al., 2011). For example, poly-
mer membranes can be modified to improve their ionic transport properties if appropriate
plasticizers were employed into the system with a partial expense of their mechanical
properties. Here, the properties of the polymer electrolytes depend on several factors such
as molecular structure, polymer-salt complex morphology, segmental movement, salt lat-
tice energy, and additive species such as plasticizers and fillers (Long et al., 2016). Re-
cently, the high demand for efficient and sustainable electrochemical devices such as bat-
teries and supercapacitors for electric vehicles has pushed researchers to further advance
the polymer electrolyte technologies (Bae & Kim, 2021).

The phase inversion process is to transform a polymer membrane from a liquid state to a
solid state in a controlled way. The solidification process is initiated through the liquid-
liquid (L-L) demixing. In this demixing process, one of the liquid phases will solidify to
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produce the solid matrix (Tavajohi & Khayet, 2024). The membrane morphology includ-
ing vertically asymmetric microporous structures can be tailored by controlling the initial
stage of L-L phase separation. In such a process, a polymer solution cast on an appropriate
support is then subsequently immersed in a coagulation bath containing non-solvent (also
called anti-solvent). The principle of phase separation is to exchange the solvent with a
non-solvent via coagulation bath. However, both small molecular solvent and non-solvent
are miscible together because of entropic gain, indicating the non-solvent can suck out the
solvent molecules from the polymer membrane, i.e., solidification (Kahrs & Schwellen-
bach, 2020). Here, the structure of polymer membrane can be adjusted to have the oriented
sponge or finger configurations by controlling the kinetics and thermodynamics parame-
ters.

In this study, the porous poly (vinyl alcohol) (PVA) membrane was prepared by phase
inversion method (Eljaddi et al., 2021). PVA is one of a few water-soluble polymers, af-
fording an environmentally-friendly green process without using any toxic solvent. The
polymer has excellent film-forming properties, i.e., tunability for versatile design applica-
tions. Hence, to date, many research groups have investigated the PVA membranes for
the purpose of polymer electrolyte in a gel state (Gu & Wei, 2016, Wang et al., 2024;
Sanchez-Valdez et al., 2023; Xiao et al., 2021; Taktar et al, 2020; Xie et al., 2020; Cheng et
al,, 2019; Li et al., 2018; Pendashteh et al., 2017; Batisse & Raymundo-Pifiero, 2017) instead
of a solid state, which is a different trend compared to the typical poly(ethylene oxide)
(PEO)-based membranes (Kim & Bae, 1999a; Kim & Bae, 1999b; Hong et al., 2001). Hence,
in this study, we focus on the solid polymer electrolyte (SPE) composed of PVA and
Na:S0s for the battery and supercapacitor applications (Kamcev & Freeman, 2016).
Then, we investigate the structural, thermal, morphological and electrochemical proper-
ties of these PV A-based SPEs, for which we employ the instruments such as x-ray diffrac-
tion (XRD), thermogravimetric analysis coupled with differential thermal analysis
(TGA/DTA), optical microscopy (OM), and potentiostat/galvanostat with the impedance
analyzer for the electrochemical impedance spectroscopy (EIS) analysis.

2. Materials and Methods

2.1. Materials

PVA has the average number molecular weight (Mx) of 1,500 g/mol from Junsei Chemical
Co., Japan, whereas sodium sulphate (Na25O4) has molecular weight of 142.04 g/mol from
Norbright industry Co., China. Deionized (DI) water was collected from the Materials Sci-
ence and Engineering Lab at ASTU.

2.2. Preparation of Phase Inversion Membrane

The membrane formation process through the phase inversion method is shown in Figure
1. PVA asymmetric membranes were made by dissolving polymer (2g) into 20 mL deion-
ized water. Then, for 24 hours, the solutions were constantly stirred at 550 rpm at 80 °C.
After that, it was degassed for 5 hours at room temperature to remove any gas bubble.
Finally, these solutions were cast onto glass plate with a film thickness of (~125 um) and
submerged in an ethanol coagulation bath. A thin layer of PVA asymmetric membrane is
fabricated after 3 hours of precipitation. The asymmetric membrane was ultimately dried
under ambient condition for 12 hours (Guillen et al., 2011; Wang & Lai, 2013; Sapalidis,
2020; Ahmad et al., 2012). Furthermore, to accommodate Na2SOs salt in the aforemen-
tioned PVA membrane, the dried phase-inversion membrane was dipped into the 0.5 M
or 1.0 M Na2SOs bath and then after drying it under ambient condition, the membrane
was sandwiched between two ITO glasses to make an electrochemical device with
ITO/PVA(Naz504)/ITO configuration.
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Figure 1. Membrane formation through phase-inversion process: (a) Measurement of 2g
PVA, (b) Addition of PVA into 20 mL deionized water, (c) Stirring for 24 hours at 80 °C,
(d) Membrane casting, (e) Dipping into the nonsolvent Ethanol bath, and (f) Phase-inver-
sion membrane.

2.3. Characterization

The XRD data were obtained using the XRD-7000 x-ray diffractometer (SHIMADZU Cor-
poration (Japan), with Cu-Ka radiation = 0.15418 nm, voltage = 40.0 (kV), current = 30.0
(mA), in the 26 range between 5 ° and 45°, whereas the TGA/DTA data were captured
using a differential thermal calorimetery (DTG-60H, Shimadzu, Japan) at a scan rate of 10
°C/min under Naz. Optical microscopy image was obtained using the Model: HR3-RF; HU-
VITZ Co., South Korea. The electrochemical impedance spectroscopy (EIS) analysis was
carried out using the SP-300 potentiostat/galvanostat with an impedance analyzer (Bio-
Logic, SAS, France) in the frequency range of 10 mHz to 100 KHz, whereas the charge
density vs. voltage and the areal capacitance vs. voltage characteristics were obtained by
using the SP-300 potentiostat/galvanostat at the voltage scan rate of 50 mV/sec.
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3. Results and Discussion

The schematic ternary phase diagrams for ‘solvent/nonsolvent/polymer’ system com-
posed of water, ethanol, and PVA is shown in Figure 2, explaining the phase inversion
process of PVA membranes (Loeb & Sourirajan, 1963; Wienk et al., 1996). In this diagram,
the binodal curve indicates the boundary between the one-phase and the two-phase (the
unstable and metastable combined region) whereas the spinodal curve denotes the
boundary between the meta-stable and unstable regions. Importantly, the blue line de-
scribes the overall membrane-formation pathway from the initial PVA solution (the point
A) to the final membrane (the point D) via the phase-inversion (the point B) and solidifi-
cation (the point C) processes. Specifically, the point B is the key step, in which the asym-
metric membrane is formed with a porous structure because from the surface of the mem-
brane, the water molecules can be effectively removed through the C2HsOH-H20 mixing.
Here, it is noteworthy that C2HsOH acts as a nonsolvent for PVA but a solvent for H2O.
Hence, through the mixing between C2HsOH and H2O, the H20 molecules could be re-
moved from the PVA membrane. Note that Figure 2 is a general scheme applicable to any
‘solvent/nonsolvent/polymer’ system for phase-inversion membrane applications. The
starting location (A) simply depends on the concentration of polymer, e.g., ~9 wt.% PVA
in water in this study.

PVA

Membrane

Formation
PVA

Solution

Casting
Phase Inverstion

(Precipitation)
Water Ethanol

Two-Phase

Figure 2. Schematic ternary phase diagram explaining the phase-inversion process dur-
ing membrane formation.

Figure 3 show the structural and thermal characteristics of the PVA membranes. Figure
3a displays the chemical structure of PVA as well as the three-dimensional (3D) drawing
of the chain molecules. PVA is known to have a monoclinic structure (Gupta et al., 2009).
Hence, as shown in Figure 3b, the typical (101) peak is observed at 20 = 19.7° whereas the
small peak at 20 ~ 38° is ascribed to the presence of impurity during the chemical pro-
cesses. Importantly, the crystallite size (#) could be estimated from Scherrer’s relation,
t=09-1/(B-c0s8), where A (= 0.154 nm) is the x-ray wavelength, f is the full width at
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half maximum (FWHM), and 0 is the x-ray diffraction angle. Accordingly, when f is
0.046251 radians, O is 19.7°, the crystallite size in the PVA membrane is about 3 nm (the
PVA membrane looks transparent externally because of this small crystallite size, less than
visible wavelength of ~400-800 nm). Furthermore, Figures 3c and d display the thermo-
gravimetric analysis (TGA) and differential thermal analysis (DTA) data for the pure PVA
and the PVA/Na>504 membranes, respectively.
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Figure 3. (a) Chemical structure of PVA macromolecule, (b) XRD patterns of PVA mem-
brane; the star mark peak is from impurity, (c) TGA and DTA data of PVA membrane,
and (d) TGA and DTA data of PVA/Na250s (= 40:1 wt. ratio sample) membrane.

First, in the TGA data, the initial weight loss from RT to ~100 °C is related to the evapora-
tion of water (less than 10 wt.%) from the hygroscopic PVA and PVA/Na:50: membranes,
whereas the weight loss at Ta (decomposition temperature) ~ 300-500 °C originates from
the thermal decomposition of these organic molecules. However, as shown in DTA data,
if we see the detail, the PVA/Na25Os sample (Figure 3c and d) exhibits the different de-
composition mechanism compared to the pure PVA, demonstrating the effect of sodium
salt on the thermal decomposition properties of materials. Here, the sodium ions are able
to have coordination bonding with the oxygen atom of PVA because the loan pair elec-
trons in oxygen (Lewis’s base) acts as electron donor whereas the sodium cation (Lewis’s
acid) acts as electron acceptor, i.e., so called ‘the acid-base reaction’. On the other hand,
SO+ anions might be distributed in the PVA matrix because Na* is complexed with -O-H
moiety. Here, it is well known that the ionic conductivity is available because of the seg-
mental movement of polymer as well as the dissolved cations coordinated with the Lewis

5
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base moiety (Kim, 2022; Mengistie et al., 2021). Interestingly, DTA data displays the clear
melting point (Tm) of PVA at ~227-228 °C. Note that the minus signal of DTA indicates the
endothermic reaction (e.g., phase transition due to the melting phenomena). In the case of
the glass transition temperature (Tg), PVA shows Ty ~134 °C at the center of 113 °C and
155 °C (see the black dotted circle for clarity) whereas PVA/Na2SOs displays Ts ~ 136 °C at
the center of 114 °C and 158 °C. However, these values might include the thermal history
of samples. Hence, if one would like to obtain the precise Ty data, it could be obtained by
heating and cooling cycles through a sensitive differential scanning calorimetry (DSC)
equipped with liquid nitrogen, which is not available in our laboratory. Furthermore, re-
garding the decomposition temperature (T4) of samples, PVA shows Ta ~ 321 °C whereas
PVA/Na:50s displays Ta ~ 289 °C when decided at the 20% loss of samples, indicating the
pure PVA is thermally more stable than the PVA/Na25Os mixture.

Figure 4 shows the optical microscopy (OM) images of the phase-inversion membranes,
(a) the pure PVA and (b) PVA/NazSO:s thin films, respectively. As shown in Figure 4, we
can find the microscale pores which should be constructed when water molecules were
escaped from the PVA by help of the ethanol molecules. Furthermore, the removal of H20
from the PVA thin film should be more active at the surface than the buried bottom part,
providing the inescapable asymmetric structure with micro/nano pores, i.e., utilizable for
many technical applications including filtration and separation (Loeb & Sourirajan, 1963;
Wienk et al., 1996). However, the higher resolution scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) are not available in our Lab, limiting the
nano-/micro-scale clear image capture in this study, which will be included in the future
works.

Figure 4. Optical microscopy images of the phase-inversion membranes: (a) pure PVA
and (b) PVA/Na250s.

Figure 5 shows the electrochemical analysis set up (Figure 5a-d) and the resulting experi-
mental data (Figure 5e-g). Figure 5e shows the Nyquist plot, providing the ionic conduc-
tivity data for the polymer electrolyte membrane. As shown in Figure 5e, we cannot ob-
serve a clear half circle with the spike, indicating the ionic conductivity of the PVA-based
polymer electrolyte might be low. Accordingly, by extrapolating the spike to the x-axis as
indicated by the blue dashed line, we could estimate the ionic conductivity (o) based on
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the equation, o= L/ ( R, - A) (Kim, 2022; Mengistie et al., 2021), where L (= 125 pm = 0.0125

cm) is the thickness, Rb is the bulk resistance, and A (= 4 cm?) is the area of the membrane,
respectively. Here note that the thickness of films could be measured using the optical
microscopy with the configuration of glass/PVA (vertical direction)/glass. Hence, when
R, =15,000Q2 (0.5 M) and R, ~16,000Q (1.0 M), the ionic conductivity is 1.9x107 S/cm
and 2.0x107 S/cm, respectively, which falling into the semiconductor’s conductivity. Im-
portantly, for being applied to the commercial batteries, the ionic conductivity of electro-
lyte should be comparable to that of liquid electrolyte (~102 S/cm, at least more than 10+
S/cm). However, beyond the energy storage and conversion devices, there might be other
applications such as electrochemical sensors because water-soluble PVA allows a green
process, environmentally-friendly. Finally, it is noteworthy that the observed low ionic
conductivity (= charge x mobility) might be mainly related to the solid-state film (a limited
chain motion and concomitantly slow ionic transport) without any plasticizer like in gel
polymer electrolyte (Gu & Wei, 2016; Wang et al., 2024; Sanchez-Valdez et al., 2023; Xiao
et al., 2021; Taktar et al, 2020; Xie et al., 2020; Cheng et al., 2019; Li et al., 2018; Pendashteh
etal., 2017; Batisse & Raymundo-Pifiero, 2017). Other minor factors might be not sufficient
free ions through ionic association in the solid-state films because there is no additive with
high dielectric constant (Kim, 2022). On the other hand, Figure 2f shows the charge density
vs. voltage plot. Here, through the integration of the area (i.e., closed circle), we may esti-

mate the energy [: ‘[Q (V)-v dV] . Resultantly, we obtained 9.2 pyJ/cm? and 8.1 pJ/cm? for

the PVA (Naz25Os 0.5M) and PVA (Na:SOs 1.0 M), respectively. Furthermore, Figure 2g
shows the areal capacitance vs. voltage plot, displaying the areal capacitance in the range
of + 10 uF/cm? (based on the active area of 2x2 cm?, i.e., the overlapped region of ITO
glasses; see the inset of Figure 5e) which is a reasonable value because it depends only on
the electric double layer capacitance (EDLC) without any pseudocapacitance from the re-
dox reaction. Here, EDLC should be dependent on the two-dimensional (2D) interface
between ITO and PVA in the solid state.
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Figure 5. (a) ITO Glass, (b) EIS measurement, (c) Device structure, (d) Current-voltage
curve measurement system, (e) Nyquist plot with the inset showing the schematic device
structure, (f) Charge density vs. Voltage, and (g) Areal capacitance vs. Voltage at the scan
rate of 50 mV/sec. Here, (c) and (d) were calculated from the current-voltage plot when
the active area is 4 cm? in the device configuration of ITO/PVA (Na250s, 0.5M or 1 M)/ITO.
The device’s active size was 2 cm x 2 cm as shown in Figure 5c.

3. Conclusions

Poly(vinyl alcohol)-based phase inversion membranes was prepared to be used as so-
dium-ion conducting solid polymer electrolyte (SPE). The asymmetric membranes dis-
played when ethanol and water were exchanged in the phase inversion process. The PVA
membrane has a monoclinic structure with the characteristic (101) peak at 26=19.7 °, and
has a melting point at ~207-208°C with the major thermal decomposition in the range of
~300-500 °C as usual for organic molecules. Finally, the PVA/Na25Osbased SPE dis-
played its ionic conductivity of ~ 107 S/cm, which is not surprising because it is in the solid
state, suggesting a potential future work for enhancing its ionic conductivity through ad-
ditive engineering using plasticizers and fillers. Interestingly, when we fabricated the elec-
trochemical devices with the configuration of ITO/PVA(Na2504)/ITO, it showed the EDLC
capacitor behavior with the potential energy storage of 9.2 uF/cm? (0.5M) and 8.1 uF/cm?
(1.0 M) in the voltage scan range of 0.0V to 1.2 V.
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