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Abstract 

Acidic aqueous lithium-air batteries are attractive candidates for use as energy sources in 

electric vehicles because of their high energy and power densities and ability to operate 

under ambient conditions. An aqueous lithium-air battery with an acetic acid catholyte has a 

high theoretical energy density of 1,478 Wh kg–1, and the reaction product is soluble in the 

catholyte. In this study, we have studied the cell performance of a Li/interlayer 

electrolyte/NASICON-type solid lithium-ion conductor/acetic acid catholyte/air electrode cell 

at high pressure and room temperature under air. The cell was successfully operated at 0.5 

mA cm–2 and 0.2 MPa. 
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1. Introduction 

The demand for higher energy power density rechargeable batteries for electric vehicle (EV) 

applications has increased [1, 2]. Many types of advanced rechargeable batteries beyond lithium-

ion batteries have been proposed and developed, such as non-aqueous lithium-air [3], aqueous 

lithium-air [3], lithium-sulfur [4], multivalent [5], and lithium solid-state batteries [6]. The 

theoretical energy densities of these advanced batteries are several times higher than those of 

conventional lithium-ion batteries. However, these batteries have serious problems to solve 

before their practical use as power sources in EVs, such as the elimination of water in the air in the 

non-aqueous lithium-air battery, dissolution of the reaction product into the electrolyte in the 

lithium-sulfur battery, and poor contact between the electrolyte and cathode active materials in 

the solid-state battery. Of the options available, the aqueous lithium-air battery is particularly 

attractive for EVs because the battery has the potential for high energy and power densities, but 

no serious problems to be solved. The aqueous lithium-air battery consists of a lithium anode, an 

interlayer non-aqueous electrolyte, a water-stable lithium-ion conducting solid electrolyte, an 

aqueous catholyte, and an air electrode. Two types of aqueous lithium-air batteries have been 

developed; one contains an alkaline catholyte of LiOH [7], and the other contains an acid catholyte 

such as acetic acid, CH3COOH (HAc) [8]. The cell reactions are as follows: 

for alkaline catholyte 

4Li + 6H2O + O2 =  4(LiOH ∙ H2O), (1) 

and for acid catholyte 

2Li + 2CH3COOH + 1
2⁄ O2 =  2CH3COOLi + H2O. (2) 

The theoretical energy densities of the alkaline and acid systems with HAc are 1910 and 1478 

Wh kg–1, respectively, which are lower than that of the non-aqueous lithium-air system at 3458 

Wh kg–1, but more than three times higher than that of the conventional lithium-ion battery. 

Alkaline type aqueous lithium-air batteries have shown susceptibility to contamination from CO2 in 

the air and produced Li2CO3 on the air electrode surface, which resulted in degradation of the cell 

performance. The acid aqueous lithium-air battery (ALAB) is not susceptible to contamination 

from CO2. Several types of ALAB with various catholytes such as HAc aqueous solution [9], 0.1 M 

H3PO4-LiH2PO4 buffer solution [10], and a 1 M LiNO3 aqueous solution [11] have been proposed. 

The water-stable NASICON-type and perovskite lithium-ion conducting solid electrolytes are 

unstable in strong acid aqueous solution [12]; therefore, weak acid aqueous solutions have been 

used for ALAB. ALAB with an HAc aqueous solution showed the highest specific energy density 

among the previously reported aqueous systems. The first ALAB was operated at 60 °C because a 

polyethylene-based polymer electrolyte was used as the interlayer electrolyte to suppress lithium 

dendrite formation at the lithium electrode [8]. A room temperature ALAB with a HAc catholyte 

was reported using a lithium dendrite-free interlayer electrolyte by Imanishi and co-workers [9]. 

One of the issues of ALAB with HAc is the evaporation of the catholyte over a long operation 
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period. In this study, the cell performance of an ALAB at 0.2 MPa was examined with the goal of 

suppressing catholyte evaporation.  

2. Experimental 

Figure 1 shows a schematic diagram of the in-house-built Swagelok-type ALAB test cell and a 

high-pressure vessel. The cell consists of a 200 µm thick lithium anode (Honjyo Metal, Japan), an 

interlayer electrolyte of 1 M lithium bis(fluorosulfonyl)imide (LiFSI) (Central Glass, Japan) in 1,4 

dioxane (DX)-1,2 dimethoxyethane (DME) (1:2 v/v), a 250 µm thick Li1+x+yAlx(Ti, Ge)2-xSiyP3-yO12 

(LATP; Ohara, Japan) separator, a HAc-saturated CH3COOLi (LiAc) aqueous solution (9:1 v/v) 

catholyte, and a platinum-loaded porous carbon (Pt/C; Tanaka Kikinzoku, Japan) with vapor 

growth carbon nanofiber (VGCF; Showa Denko, Japan) or Ketjenblack (KB; Lion Special Chemicals, 

Japan) mixture air electrode. The electrolyte volumes of the catholyte and anolyte were 

approximately 1 mL, and their thicknesses were approximately 0.9 cm. The interlayer electrolyte 

of 1 M LiFSI in DX-DME (1:2 v/v) was reported to be free of lithium dendrite formation at a high 

current density [13]. The water-impermeable NASICON-type LATP glass-ceramic is acceptable as 

the separator for the ALAB because it is stable in weakly acidic aqueous solution and has a high 

lithium-ion conductivity of around 10–4 S cm–1 at room temperature [12]. The air electrode was 

prepared by mixing Pt-C, VGCF (or KB), and polytetrafluoroethylene (PTFE) (Daikin, Japan) of 

around 0.2 mg, which was then was pressed onto a titanium mesh of 1.5 cm2 (Nikora, Japan). A 

carbon paper gas diffusion layer (Toray, Japan) was attached to the air electrode. 

 

Figure 1 (a) Schematic diagram of the test cell of Li/1 M LiFSI in DX-DME (1:2 

v/v)/LATP/HAc-saturated LiAc aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE, air; and (b) 

photograph of the high-pressure chamber.  

The performance of the air electrode was measured using a half cell with the air electrode, a 

Pt-black counter electrode, and an Ag/AgCl reference electrode in an air atmosphere at 0.2 MPa 

and 25 °C. The full cell was set up using the in-house-built Swagelok-type cell. The pressure was 

controlled using a Swagelok return check valve, and the flow rate of air was kept at 80 mL min–1, 

which was checked using a gas flow meter. The evaporation rate of the catholyte was estimated 

from the weight change with time at 0.2 and 0.1 MPa and with an airflow rate of 80 mL min–1.  

The electrochemical performance of the half and full cells was investigated using a battery 

cycler (Nagano BTS, 200H, Japan) and a multichannel potentio/galvanostat (Bio-Logic Science 
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Instrument VMPX). The cell impedance was measured using a frequency analyzer (Solartron 1260) 

in the frequency range from 1 MHz to 0.1 Hz.  

3. Results and Discussion 

Figure 2 shows the evaporation rate of HAc-saturated LiAc aqueous solution (9:1 v/v) under 0.1 

MPa and 0.2 MPa. The evaporation rate of 1.6 × 10–3 g cm–2 h–1 at 0.1 MPa is considerably 

suppressed to 5 × 10–4 g cm–2 h–1 at 0.2 MPa. An aqueous cathode can easily circulate in a flow 

through the configuration proposed by Goodenough and co-workers [14]. The system can 

individually store a large amount of cathode active materials in a fuel tank. The evaporation loss of 

the cathode active material for 1,000 h is around 0.5 g cm–2. The capacity loss for 5 g of the 

cathode active material is around 10% for 1,000 h operation, which may be acceptable for a 

practical battery. 

 

Figure 2 Weight loss of HAc-saturated LiAc aqueous solution (9:1 v/v) at 25 °C and 0.2 

MPa and 0.1 MPa air with time. The flow rate of air was 80 mL min–1. 

The non-aqueous lithium-air battery shows high polarization for the oxygen reduction reaction 

(ORR) and oxygen evolution reaction (OER) [15]. To reduce the high polarization, a new concept of 

a highly soluble redox shuttle was proposed [16]; however, the reported current density of the cell 

was less than 0.5 mA cm–2 under pure oxygen. The aqueous lithium-air battery operates at a 

higher current density than that of the non-aqueous system. Minami et al. recently reported that 

an alkaline aqueous lithium-air cell of Li/4.5 M LiFSI in DME/LATP/1.5 M LiOH-10 M LiCl/LiMnO2, 

the air was successfully cycled at 2.0 mA cm–2 and room temperature [7]. An ALAB of Li/(LiFSI-2 

tetraethylene glycol dimethyl ether)-50 vol% 1,3 dioxolane/Li1.4Al0.4Ge0.2Ti1.4(PO4)3/HAc-saturated 

LiAc aqueous solution (9:1 v/v)/Pt-C-VGCF-PTFE, air was successfully cycled at 0.2 mA cm–2 and 

25 °C [9]. In this study, the cell performance at a high pressure of 0.2 MPa was employed to 

reduce the evaporation of HAc and improve the cell performance at a high current density. 

Transition metal oxide-based catalysts cannot be used for the ALAB due to instability in the acid 

aqueous solutions. In this study, we have employed the platinum-loaded porous carbon air 

electrode used for fuel cells [17]. Figure 3 shows the polarization behavior of the Pt/C-VGCF (or 

KB)-PTFE composite electrodes for the ORR and OER at 25 °C and 0.2 MPa, where the overvoltage 

was measured after 1 h polarization at each current density. The lowest overvoltage was observed 

for the Pt/C-VGCF-PTFE (5:3:2 w/w) air electrode, which was used for the full cell performance test. 

Paganin et al. [18] reported that the NAFION loading in the catalyst layer of the air electrode for 
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polymer electrolyte membrane fuel cells improved the polarization behavior for the ORR. 

However, no significant improvement of the ORR and OER for the Pt/C-VGCF-PTFE air electrode in 

the acetic acid catholyte was observed by NAFION loading. Figure 4 compares the polarization 

behavior of the ORR and OER for Pt/C-VGCF-PTFE (5:3:2 w/w) at 0.1 and 0.2 MPa. The polarization 

of the ORR at 0.2 MPa was slightly improved compared with that at 0.1 MPa.  

 

Figure 3 Overvoltages for the ORR and OER vs. current density curves for the mixture 

of Pt/C, VGCF (or KB), and PTFE air electrodes in HAc-saturated LiAc aqueous solution 

(9:1 v/v) at 25 °C and 0.2 MPa air. (a) Pt/C:VGCF:PTFE = 5:3:2 and Pt/C:KB:PTFE = 5:2:3, 

and (b) Pt/C:VGCF:PTFE = 5:3:2 and Pt/C:KB:PTFE = 5:3:2. The overvoltages were 

recorded after 1 h polarization.  

 

Figure 4 Overvoltages for the ORR and OER vs. current density curves at 25 °C for the 

mixture of Pt/C, VGCF, and PTFE (5:3:2 w/w) air electrodes in HAc-saturated LiAc 

aqueous solution (9:1 v/v) at 0.1 MPa and 0.2 MPa air. The over-voltages were 

recorded after 1 h polarization. 
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Figure 5 shows a cyclic voltammogram (CV) for the Pt/C-VGCF-PTFE (5:3:2 w/w) electrode in 

HAc-saturated LiAc aqueous solution (9:1 v/v) measured at a scan rate of 1.0 mV s–1 and 0.2 MPa. 

The CV result shows a trace oxidation current above 1.2 V vs. NHE. The calculated OER potential of 

the HAc-saturated LiAc aqueous solution (9:1 v/v) (pH = 2.7) at 0.2 MPa is 1.07 V vs. NHE. Wu et al. 

observed no oxidation of HAc in 0.25 M HAc + 0.5 M H2SO4 on a PtRuSn/C (60:30:10 w/w) 

electrode [19], which agreed with the results reported by Sine et al. [20]. Hence, the observed 

oxidation current in the CV curve is attributed to the OER.  

 

Figure 5 CVs measured at a scan rate of 1.0 mV s–1 for Pt/C-VGCF-PTFE (5:3:2 w/w) in 

HAc-saturated LiAc aqueous solution (9:1 v/v) at 25 °C and 0.2 MPa. 

Figure 6 shows charge and discharge overvoltage vs. current density curves for the Li/1M LiFSI 

in DX-DME (1:2 v/v)/LATP/HAc-saturated LiAc aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 

w/w), air full cell at 0.2 MPa and 25 °C, where the airflow rate was 80 mL min–1. The overvoltages 

after 1 h polarization at each current density are plotted. The open-circuit voltage (OCV) of 3.8 V is 

lower than the calculated OCV of 4.10 V using reaction (2) at a pH of 2.8 for the HAc-LiAc saturated 

aqueous solution (9:1) at 0.2 MPa. The low OCV may be due to the low activity of oxygen and 

lithium ions at the air and lithium electrodes, and the junction potentials between LATP and the 

liquid electrolytes. A discharge overvoltage of 0.58 V at 0.4 mA cm–2 corresponds to an 

approximate 15% energy loss of the discharge process.  

 

Figure 6 (a) Charge and discharge overvoltage vs. current density curves and (b) 

charge-discharge curves at various current densities for the Li/1 M LiFSI in DX-DME 

(1:2 v/v)/LATP/HAc-saturated LiAc aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 

w/w) cell at 25 °C and 0.2 MPa air. Overvoltages were recorded after 1 h polarization.  
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Figure 7 shows impedance profile of the Li/1M LiFSI in DX-DME (1:2 v/v)/LATP/HAc-saturated 

LiAc aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w), air full cell at 0.2 MPa and 25 °C. The 

impedance profile shows two semi-circles.  The semi-circle in the high-frequency range of 1 M Hz 

to 13 k Hz can be assigned to be the grain boundary resistance of LATP (Rg) and the solid 

electrolyte interlayer resistance at the lithium anode; while the semi-circle in the low-frequency 

range of 13 k Hz to 3 Hz can be assigned to the charge transfer resistance (Rc). The contribution of 

the bulk resistance of LATP (Rb) was out of the frequency range of the analyzer [21]. The intercept 

of the high-frequency semi-circle with the real axis is the sum of Rb and the resistances of the 

liquid electrolytes of 1M LiFSI in DX-DME (1:2 v/v) (R1) and the HAc-saturated LiAc aqueous 

solution (9:1 v/v) (R2). The bulk and grain boundary resistances of the 0.25 mm thick LATP were 31 

and 290 Ω cm2, and the charge transfer resistance was 89 Ω cm2. The main part of the total cell 

resistance of 725 Ω cm2 is the resistance of the anolyte, catholyte, and bulk LATP (447 Ω cm2). The 

electrical conductivities of the anolyte and the catholyte were 2 × 10–2 and 3 × 10–3 S cm–1, 

respectively. The electrolyte volumes of the catholyte and anolyte in the Swagelok-type cell were 

approximately 1 mL, and the contact area with LATP was 1.13 cm2. The estimated resistance of the 

catholyte and anolyte were 42 and 286 Ω cm2, respectively. The sum of these resistances is 359 Ω 

cm2. The estimated resistance of R1+R2 +Rg was slightly lower than the observed one. R1 could be 

reduced considerably by the cell design, such as a laminate type, and R2 could be reduced by the 

use of a catholyte flow system [14].  

 

Figure 7 Cell impedance of Li/1 M LiFSI in DX-DME (1:2 v/v)/LATP/HAc-saturated LiAc 

aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w), air cell at 0.2 MPa and 25 °C. 

The charge and discharge cycle performance of the Li/1 M LiFSI in DX-DME (1:2 v/v)/LATP/HAc-

saturated LiAc aqueous solution (9:1 v/v) full cell at 0.2 MPa, 25 °C and 0.07 mA cm–2 for 5 h 

polarization (0.38 mAh) is shown in Figure 8. Excellent cycle performance at 0.07 mA cm–2 for 

more than 50 cycles was observed at 0.2 MPa and 25 °C under an air atmosphere. No carbon 

dioxide contamination was observed for more than 500 h, while the cell performance of an 

alkaline aqueous lithium-air cell degraded after 70 h operation in the air due to carbon dioxide 
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contamination [22]. The discharge overvoltage at 0.07 mA cm–2 was 0.2 V, which corresponds to 

an energy loss of around 5%.  

 

Figure 8 Cycle performance of the Li/1 M LiFSI in DX-DME (1:2 v/v)/LATP/HAc-LiAc 

saturated aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w) air cell at 0.07 mA 

cm–2 for 5 h at 25 °C and 0.2 MPa. 

Figure 9 also shows the cycle performance at 0.2, 0.5, and 1.0 mA cm–2 for 5 h polarization and 

0.2 MPa under air.  Excellent cycle performance was observed at room temperature. The 

discharge overvoltage at 0.2 mA cm–2 was 0.27 V after the 1st cycle, which gradually increased by 

cycling to 0.3 V after 20 cycles. The overvoltage was steady with further cycling. The energy loss 

for the discharge process is around 8%. The initial discharge overvoltage of 0.58 V at 0.5 mA cm–2 

gradually increased by cycling to 0.94 V after 20 cycles. With further cycles, the overvoltages were 

steady. At 1.0 mA cm–2 for 5 h polarization, the cell was successfully cycled for 20 cycles under air. 

The discharge overvoltage at 1.0 mA cm–2 was 1.0 V after the 1st cycle and 1.4 V after 20 cycles. 

The increase in the overvoltage by cycling may be due to degradation of the air electrode 

structure, as carbon particles were observed in the catholyte after the cycling tests – LiAc 

deposited in the air electrode may break the carbon-polymer network. The 1.4 V overvoltage 

corresponds to an energy loss of around 30%. The previously reported non-aqueous lithium-

oxygen cells were operated at a lower current density [15]. Zhang et al. reported a high discharge 

overvoltage of a Li/0.5 M Li(CF3SO2)2N-30 mM tetrathiafulvalene-50 mM LiCl in diethylene glycol 

dimethyl ether/graphene oxide, O2 cell as 0.75 V at 0.2 mA cm–2 for 5 h polarization [23]. Bergner 

et al. reported the cell performance of a Li/10 mM TEMPO (2,2,6,6 tetramethylpiperdinyloxyl)-0.1 

M Li(CF3SO2)2 in diglyme/KB, O2 cell – the discharge over-voltage at 0. 1 mA cm–2 was around 0.75 

V after 50 cycles [24]. The discharge overvoltages of the ALABs are lower than those of the non-

aqueous lithium-oxygen batteries. The discharge overvoltages for the ALABs may be reduced 

considerably by reducing the thickness of the liquid electrolytes because the bulk of the cell 

resistance is due to the liquid electrolyte resistances, as shown in Figure 7. 
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Figure 9 Cycle performance of the Li/1 M LiFSI in DX-DME (1:2 v/v)/LATP/HAc-LiAc 

saturated aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w), air cell at (a) 0.2 mA 

cm–2, (b) 0.5 mA cm–2, and (c) 1.0 mA cm–2 at 25 °C and 0.2 MPa.  

4. Conclusion 

The cell performance of the ALABs with acetic acid as the catholyte was studied at 0.2 MPa 

under an air atmosphere and room temperature. The evaporation of acetic acid was considerably 

reduced with operation at 0.2 MPa, and the cell was successfully operated at 0.5 mA cm–2 for 5 h 

polarization with 27 cycles in air. The ALABs showed no CO2 contamination for 500 h operation. 

The steady discharge over-voltage at 0.5 mA cm–2 was around 1 V. The overvoltage for the charge, 

and discharge processes may be improved by reducing the thickness of the anolyte and catholyte.  
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