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Abstract
A Li-ion battery consists of two active materials, namely positive and negative electrodes, and an electrolyte in contact with 
both. Because they use both liquid and solid electrolytes, all-solid-state Li-ion batteries, which are composed entirely of solids, 
are expected to outperform electrolyte-based batteries in terms of safety, lifetime, and power output. In this paper, we pro-
pose an experimental material that enables students to fabricate an all-solid-state Li-ion battery in air and evaluate its charge/
discharge characteristics using a direct-current (DC) voltage and current source/monitor. Sheets of polyvinyl alcohol (PVA) with 
30 wt% Li nitrate (30%LiNO3-PVA) were used as the Li electrolyte. Li cobaltate (LiCoO2) and acetylene carbon black C were used 
as the anode and cathode, respectively. All-solid-state Li-ion batteries were constructed using 30%LiNO3-PVA sheets and C-
30%LiNO3-PVA anodes and LiCoO2-C-30%LiNO3-PVA cathodes placed on either side of the sheets. Using a DC voltage and cur-
rent source/monitor, good charge/discharge characteristics were obtained after constant-current charging and discharging. A 
constant-current charge of 5.7 mA cm-2 was applied at room temperature in air for 10 min, achieving a voltage of 3.6 V. During 
the constant-current discharge of 57 μA cm-2, the voltage was 1.4 V at the start of discharge, and a voltage drop of 2.2 V was 
observed. Thereafter, stable discharge continued until a voltage of 1.1 V was obtained after 20 min. Thus, a low-cost, safe, and 
effective all-solid-state Li-ion battery for student experiments was realized.
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1.  Introduction
Among rechargeable batteries, Li-ion batteries currently 

have the highest energy density and output, resulting in their 
wide-spread use in various products, such as cellphones, 
personal computers, small cameras, electric and hybrid ve-
hicles, airplanes, and energy-storage systems. Consequently, 
research and development for further performance improve-
ments in Li-ion batteries are actively underway. A battery 
consists of two active materials, namely positive and negative 
electrodes, which are in contact with an electrolyte, which is 
usually a liquid.

In Li-ion batteries, the use of flammable nonaqueous or-
ganic solvents in the electrolyte, which can cause them to 
ignite, has been a pressing concern. In addition, battery as-
sembly requires an inert gas atmosphere to prevent reactions 
with moisture and oxygen. Recently, the development of Li-
ion conductors or Li-solid electrolytes, in which Li ions are in 
a solid state, has been promoted to improve battery safety. 
In particular, the use of inorganic materials, such as ceramics 
and glass, has been reported. However, non-oxide systems, 
such as Li10GeP2S12 ceramics, which exhibit Li-ion conduc-
tion comparable to that of liquid electrolytes, require an inert 
gas atmosphere for battery assembly because of chemical 
stability issues (Kamaya et al., 2011). In addition, oxide sys-
tems, which have excellent chemical stability, are harder than 
nonoxide systems and have a high resistance at the junction 

interface with the electrode. For example, Li6.25Al0.25La3Zr2O12 
ceramics, which provide high Li-ion conduction, disintegrate 
when left in air, and therefore, an inert gas atmosphere is 
required in the fabrication of Li-ion batteries (Murugan et al., 
2007; Avila et al., 2021; Duan et al., 2018). Many other Li ionic 
conductive ceramics have been reported (Nakayama and 
Sadaoka, 1993; Yang and Wu, 2022).

Li-containing organic polymers have been extensively in-
vestigated as Li-solid electrolytes. Among these, Li–polyvinyl 
alcohol (PVA) sheets solidified at 60 °C after dissolving Li com-
pounds, such as Li perchlorate (LiClO4) and Li nitrate (LiNO3), 
in PVA aqueous solutions have been reported to exhibit high 
Li-ion conductivity at room temperature (Chodankar et al., 
2015; Gopalakrishnan et al., 2023). PVA is also used as a laun-
dry glue with safe, inexpensive, and easy-handling properties.

This study aims to fabricate an all-solid-state Li-ion battery 
in air without the need for a glow box or other specific gas 
environment and to measure its charge/discharge in air dur-
ing a 3-h experiment. A Li–PVA sheet, which can be easily 
fabricated, was used as the Li-solid electrolyte. The fabrication 
of the Li-ion batteries was investigated, and their charge/
discharge characteristics were evaluated using a commercial 
direct-current (DC) voltage and current source/monitor.

2.  Experimental
PVA (degree of saponification: 78-82 mol%, average de-

gree of polymerization: 1,500-1,800) and LiNO3 (99.9 %) were 
obtained from Fujifilm Wako Pure Chemicals Co. Li cobaltate 
(LiCoO2) and acetylene carbon black C were purchased from 
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Sigma-Aldrich Co. In deionized water, a 10 % PVA solution was 
prepared by dissolving PVA at 80 °C. A 30 % LiNO3-PVA solu-
tion was prepared by mixing 50 mL of 10 % PVA solution with 
a solution of 2.0 g LiNO3 dissolved in 10 mL deionized water 
at room temperature. The solution was placed in a polyeth-
ylene Petri dish with an inner diameter of 30 mm, dried, and 
solidified at 60 °C on a hot plate to produce 30 % LiNO3-PVA 
sheets (Figure 1 (a)). The anode was formed by thoroughly 
mixing 0.1 g of C with 1.0 mL of 30 % LiNO3-PVA solution in 
an agate mortar, applying it to one side of the prepared 30 % 
LiNO3-PVA sheet using a spatula and fixed by drying at 60 °C. 
Subsequently, the cathode was formed by thoroughly mixing 
0.16 mg of LiCoO2, 0.1 g of C, and 1.0 mL of 30 % LiNO3-PVA 
solution were thoroughly mixed in an agate mortar, applying 
to the other side of the 30 % LiNO3-PVA sheet using a spatula 
and fixed by drying at 60 °C. Photographs of the fabricated 
battery and charge/discharge characteristic apparatus are 
shown in Figure 1 (b).

The electrical properties of the prepared LiNO3-PVA sheets 
were measured in the frequency range of 100 Hz to 10 MHz 
using an impedance meter (HP4194A) sandwiched at 30 MPa 
pressure between stainless-steel measuring fixtures (elec-
trodes). Their ionic conductivity at room temperature was de-
termined by complex impedance analysis. Their DC resistance 
was measured using a digital multimeter (7355, ADC Co.), and 
the charging and discharging of the all-solid-state Li-ion bat-
teries with an anode and cathode formed on either side of the 
LiNO3-PVA sheets was measured using a DC voltage and cur-
rent source/monitor (6242, ADC Co.). To measure the charge 
and discharge characteristics, an Excel sample program 
(provided free of charge by ADC Co.), which enables measure-
ment control and data capture on a PC via USB, was used.

3.  Results and discussion
3.1  Properties of Li-PVA sheets

Li-PVA sheets with water-soluble LiNO3 (solubility: 45.8 
g/100 g H2O (25 °C)), Li chloride (LiCl; solubility: 67 g/100 g 
H2O (0 °C)), Li sulfate (Li2SO4 • H2O; solubility: 26 g/100 g H2O (0 
°C)), Li carbonate (Li2CO3, solubility: 1.3 g/100 gH2O), and Li-

ClO4 (solubility: 60 g/100 g H2O (25 °C)) were selected. Li-PVA 
sheets were prepared with 20, 30, and 40 wt% Li compounds.

Transparent soft sheets were produced using 20, 30, and 
40 wt% LiNO3; however, in sheets made with 40 wt% LiNO3, 
surface wetting due to moisture absorption was observed 
after exposure to air for several days. Transparent sheets were 
obtained when LiCl was used. However, when exposed to air, 
these sheets immediately started absorbing moisture, result-
ing in severe surface wetting. Sheets using Li2SO4 were harder 
than LiNO3-PVA sheets. Li2CO3 has low solubility, resulting in 
the difficult preparation of the Li2CO3-PVA solution. The use 
of 20 wt% LiClO4 resulted in a transparent sheet, but it was 
harder than the LiNO3-PVA sheet. Meanwhile, the use of 30 
and 40 wt% LiClO4 resulted in partially and completely cloudy 
sheets, respectively, with LiClO4 crystals deposited on their 
surfaces. Therefore, the 30 % LiNO3-PVA sheet was selected as 
the electrolyte sheet for the all-solid-state Li-ion battery, as it 
is flexible and does not absorb moisture when exposed to air, 
thereby inhibiting surface wetting.

The Nyquist plot of a 0.3-mm-thick 30 % LiNO3-PVA sheet 
sandwiched between φ15 mm stainless-steel electrode dices 
at room temperature is shown in Figure 2. A rising arc (spike) 
was observed because of the electrode interface resistance 
between the electrolyte and electrode. The Z’ value at the in-
dicated point in the Nyquist plot indicates the bulk resistance 
(19 Ω) of the electrolyte (ionic conductivity at room tempera-
ture: 9.0 × 10-4 S cm-1).

3.2  Charge/discharge characteristics
Figure 3 shows a schematic of the all-solid-state Li-ion 

battery configuration and device for the charge/discharge 
measurement. Figure 4 shows a photograph of the electrical 
measurement holder and equipment used for the charge/
discharge characteristics measurements. Figure 5 shows the 
voltage under a constant-current charge of 5.7 mA cm-2 im-
mediately followed by a constant-current discharge of 57 
μA cm-2 at room temperature in air. After approximately 10 
min of charging, a voltage of 3.6 V is achieved, as shown in 
Figure 5 (a), indicating successful charging. The results of dis-

(a) (b)

Figure 1: Photographs of (a) the 30%LiNO3-PVA electrolyte 
sheet and (b) positive electrode of LiCoO2 + C + 30%LiNO3-
PVA (black area) formed on a 30%LiNO3-PVA electrolyte sheet

Figure 2: Nyquist plots of the 30%LiNO3-PVA electrolyte sheet 
at room temperature
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charging immediately after charging are shown in Figure 5 
(b). The voltage was 1.4 V at the start of the discharge, and a 
voltage drop of 2.2 V was observed. However, the discharge 
continued stably thereafter, resulting in a voltage of 1.1 V 
after 20 min. The expected voltage drop is 0.1 V based on the 
DC resistance value (1.0 kΩ) of the all-solid-state Li-ion bat-
tery used in the measurement. Therefore, the voltage drop of 
2.2 V, from 3.6 V at the end of charging to 1.4 V at the start of 

discharging, is approximately 20 times the expected voltage 
drop. This result is attributed to the increase in DC resistance 
due to the products at the electrolyte/electrode interface 
during charging or the rapid self-discharging that occurred 
immediately after charging. However, the explanation for this 
phenomenon remains unclear.

3.3  Application as instructional material
Many electrochemical topics can be used as instructional 

material in inorganic chemistry teaching laboratories. Exam-
ples of such experiments include the electrolysis of water, the 
determination of the Faraday constant from the electrolysis of 
a copper sulfate solution, the Volta and Daniel cells, or the ob-
servation of color changes in the positive electrode discharge 
reduction reaction of nickel-metal hydride batteries (Shiomi 
and Nakayama, 2024), among others. Nickel-metal hydride 
batteries are practical, and the teaching material content is 
designed to make a visual impact. However, until now, we 
have not been able to develop teaching materials on battery 
charging and discharging.

We propose the content reported in this study be applied 
as teaching material on battery charging and discharging 
(secondary batteries) in laboratories. In Sections 3.1 and 3.2, 
we report the fabrication of batteries with integrated electro-
lytes and electrodes. However, to save time, we also fabricat-
ed individual sheets for the anode, electrolyte, and cathode (as 
shown in Figure 6), each stacked (as shown in Figure 3) and 
sandwiched between two stainless steel measuring dies (φ15 
mm, with φ1 mm stainless steel lead wires). To join them, a 
pressure of 30 MPa was applied from above and below us-
ing a vice press (MP-001, AS ONE Co.). The set current values 
for measuring the charge and discharge characteristics differ 
owing to the differences in the fabrication of the anode, cath-
ode, and electrolyte sheets and the sandwiching between 
the upper and lower dies. Figure 6 shows an example of the 
charge and discharge characteristics of a pressed-type bat-
tery (DC resistance 1.5 kΩ). Charging was performed at 5.7 
mA cm-2 and discharging at 57 μA cm-2 for 10 min.

4.  Conclusion
We studied experimental materials that enable students 

to fabricate their own all-solid-state Li-ion batteries, which 
have the highest energy density and output among second-
ary batteries and can be charged and discharged by the 
transfer of Li ions between the cathode and anode in air. We 
measured the charge/discharge characteristics of the battery. 
We focused on all-solid-state Li-ion batteries because of their 
superior safety. In particular, Li-PVA sheets were used as can-
didates for the Li electrolyte because of their safety and ease 
of fabrication. Based on the flexibility of the sheet and stabil-
ity of the Li compound in PVA, we determined the 30%LiNO3-
PVA sheet to be the optimal Li electrolyte. This sheet was 
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Figure 3: Schematic of the evaluation system for the charg-
ing/discharging of the all-solid-state Li-ion battery

Figure 5: Voltage change when (a) charging at 5.7 mA cm-2 
and (b) discharging at 57 μA cm-2 on an integrated-type bat-
tery of electrode/electrolyte/electrode sheet
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Figure 4: Photographs of the (a) electrical measurement hold-
er and (b) charging/discharging characteristics evaluation 
system for the all-solid-state Li-ion batteries
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used to form a C-30%LiNO3-PVA anode and LiCoO2-C-30% 
LiNO3-PVA cathode on each side of the sheet to form an all-
solid-state Li-ion battery. Using a commercial DC voltage and 
current source/monitor, constant-current charging and dis-
charging were tested. The results show that the material ex-
hibits good charge/discharge characteristics. In future works, 
the mechanism for the charging/discharging behavior of the 
material will be elucidated.

Figure 7: Voltage change when (a) charging at 5.7 mA cm-2 
and (b) discharging at 57 μA cm-2 on a pressed-type battery 
of electrode sheet + electrolyte sheet + electrode sheet
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Figure 6: Preparation procedure of each sheet of 30 % LiNO3-
PVA electrolyte, C-30%LiNO3-PVA negative electrode, and 
LiCoO2-C-30% LiNO3-PVA positive electrode

(1) 10 % PVA solution
   Dissolving10 g of PVA in 90 mL of deionized water at 80 °C

(2) 30 % LiNO3-PVA solution
   Mixing 50 mL of (1) + solution of 2.0 g LiNO3 dissolved in
   10 mL deionized water at RT

※ (2) should be prepared before the experiment.

(3) Electrolyte sheet / 30 % LiNO3-PVA
   1 mL of (2) is placed in a PE dish and solidi�ed on a hot plate

(4) Negative electrode sheet / C + 30 % LiNO3-PVA
After mixing 0.1 g of C with 1.0 mL of (2) in an agate mortar,
placed in a PE dish and solidi�ed on a hot plate

(5) Positive electrode sheet / LiCoO2 + C + 30 % LiNO3-PVA
After mixing 0.16 mg of LiCoO2, 0.1 g of C, and 1.0 mL of (2)
in an agate mortar, placed in a PE dish and solidi�ed on a
hot plate

※ The inner diameter of the PE (polyethylene) dish is 30 mm.
      The surface temperature of the hot plate is set at 80 °C.
      (The temperature inside the PE dish is 60  °C.)
      (3), (4),  and (5) are performed simultaneously and take 
      approximately 1-2 hours.


