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Aqueous lithium-air batteries are one of the most promising batteries for electric vehicles
because of its high energy and power density. The battery system consists of a lithium
anode and an aqueous solution catholyte, which are separated by a water-stable lithium-
ion-conducting solid electrolyte, and an air electrode. The theoretical energy density
of this system is 1,910 W h kg−1, which is around five times higher than that of
conventional lithium-ion batteries. A key component of this system is the water-stable
lithium-ion-conducting solid electrolyte. In this work, we have developed a water-stable
and water-impermeable solid electrolyte with a high lithium-ion conductivity of around
10−3 S cm−1 at room temperature by the addition of epoxy resin and LiCl into a tape-
cast NASICON-type Li1.4Al0.4Ge0.2Ti1.4(PO4)3 film. The aqueous lithium-air battery with
the solid electrolyte separator was successfully cycled at 0.5 mA cm−2 and 25◦C in an
air atmosphere.

Keywords: solid electrolyte, lithium-ion conductor, NASICON type, aqueous lithium air, energy storage

INTRODUCTION

Several types of high-energy-density batteries, such as lithium–sulfur (Yamin et al., 1988; Shim et al.,
2002), non-aqueous lithium-air (Abraham and Jiang, 1996; Lu et al., 2014; Gao et al., 2017), aqueous
lithium-air (Visco et al., 2004; Zhang et al., 2010), and all-solid-state (Takada, 2013; Kato et al.,
2016) batteries have been extensively studied in the last few decades. The non-aqueous lithium-air
system has the highest theoretical specific energy density, which is as high as 3,505 W h kg−1 and
3,436 W h L−1; however, this system requires an air purification system or oxygen tank (Gallagher
et al., 2014). The lithium–sulfur system, which has high specific energy densities of 2,567 W h kg−1

and 2,199 W h L−1, has a serious problem of dissolution of the reaction product into the electrolyte
(Bruce et al., 2012). All-solid-state batteries have inherent safety, a wide operable temperature range,
and potential benefits in terms of the power density; however, the estimated specific energy density
is only slightly higher than that of the conventional lithium-ion battery (Kato et al., 2016). The
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aqueous lithium-air battery is one attractive candidate for
application as the power source in electric vehicles because of
its high energy and power densities. The theoretical energy
densities of the aqueous lithium-air battery are 1,910 W h
kg−1 and 2,004 W h L−1, which are lower than those of non-
aqueous lithium-air batteries but five and two times higher
than those of the conventional lithium-ion batteries in terms of
mass and volume, respectively (Yamamoto, 2014). The aqueous
system with an acidic catholyte does not require a water
purification system (Zhang et al., 2010; Soga et al., 2020).
As the cell reaction product in this system is soluble in the
catholyte, a high-power-density aqueous lithium-air batteries
were reported (Imanishi and Yamamoto, 2019). The aqueous
lithium-air battery consists of a lithium anode, a lithium-
stable interlayer electrolyte, a water-stable lithium conducting
solid electrolyte separator, an aqueous catholyte, and an air
electrode. Some other types of lithium aqueous batteries with
a similar water-stable lithium-ion-conducting solid electrolyte
were also proposed by many groups. Goodenough and colleagues
(Lu et al., 2011) proposed an aqueous lithium battery with a
lithium anode and an aqueous Fe(CN)6

3−/Fe(CN)6
4− redox

couple, and Imanishi and colleagues (Morita et al., 2017, 2018;
Watanabe et al., 2019) proposed an aqueous lithium battery
with a lithium anode and an aqueous MCl2/M (M = Sn, Co,
and Ni) redox couple. Wu and colleagues reported a lithium
battery using an aqueous electrolyte solution with a lithium
anode and a LiFePO4 (Hou et al., 2013; Chang et al., 2016),
LiCoO2 (Wang et al., 2013b), or LiMn2O4 (Wang et al., 2013a)
cathode. The lithium anode and the catholyte were separated
by a water-stable NASICON-type lithium-ion conducting solid
electrolyte. The key material of these systems are the solid
electrolyte separator. The requirements of the solid electrolyte
separator are as follows: high lithium-ion and low electron
conductivity, stability in contact with lithium metal, ease of thin
film preparation, excellent mechanical properties, and stability
in contact with water. Several types of the water-stable high
lithium-ion-conducting solid electrolytes have been reported,
such as NASICON-type Li1 + xAlxTi2 − x(PO4)3 (LATP) (Aono
et al., 1990), garnet-type Li7La3Zr2O12 (LLZ) (Murugan et al.,
2007), and perovskite-type La2/3 − xLi3xTiO3 (LLTO) (Inaguma
et al., 1993). LLZ is stable in contact with lithium; however, the
Li/LLZ/Li cell showed short circuit at a low current density of
0.5 mA cm−2 for a short period of polarization (Sudo et al.,
2014). LATP and LLTO are unstable in contact with lithium
(Imanishi et al., 2008); therefore, these solid electrolytes require
a lithium-stable interlayer between the lithium metal anode and
the water-stable solid electrolyte. Li3N (Visco et al., 2004), a
polymer electrolyte (Zhang et al., 2010), lithium phosphorus
oxynitride (Stevens et al., 2010), and a conventional non-aqueous
liquid electrolyte (Sunahiro et al., 2014) have been used as
interlayer materials. LATP is the best candidate for the water-
stable lithium-ion-conductive solid electrolyte because of its high
conductivity. Lithium-ion conductivity of 7 × 10−4 S cm−1

at 25◦C was reported for Li1.3Al0.3Ti0.7(PO4)3 by Aono et al.
(1990). The conductivity was enhanced to 1.29 × 10−3 S cm−1

by the partial substitution of Ge for Ti in Li1.3Al0.3Ti1.7(PO4)3
(Zhang et al., 2013). A water-impermeable tape-cast film of

Li1.4Al0.4Ti1.6(PO4)3 was prepared by the addition of epoxy resin
(Takahashi et al., 2012a). The lithium-ion conductivity of the film
with epoxy resin was 4 × 10−4 S cm−4 at 25◦C. Here, a water-
stable and water-impermeable high lithium-ion-conducting solid
electrolyte has been developed by the addition of epoxy resin
with LiCl into a Li1.4Al0,4Ge0.2Ti1.4(PO4)3 (LAGTP) tape-
cast film. Enhancement of the lithium-ion conductivity by the
addition of LiCl into LATP was previously reported by Takahashi
et al. (Takahashi et al., 2012b); however, it was dependent
on the atmospheric moisture and was not water impermeable.
The charge and discharge performance of a Li/interlayer
electrolyte/LAGTP with epoxy and LiCl/saturated LiCl and LiOH
aqueous solution/carbon, air cell has been demonstrated.

EXPERIMENTAL

LAGTP powders were prepared by the conventional solid-
state reaction method as reported in a previous paper

FIGURE 1 | X-ray diffraction (XRD) patterns of epoxy resin, epoxy resin with
LiCl prepared under an air atmosphere, and epoxy resin with LiCl prepared in
Ar-filled glove box.

FIGURE 2 | X-ray diffraction (XRD) patterns of LAGTP, LAGTP-E, and
LAGTP-E-LiCl.
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(Shang et al., 2016). Corresponding amounts of Li2CO3, TiO2,
Al2O3, NH4H2PO4 (Nakalai Tesque, Japan), and GeO2 (Sigma
Aldrich) were ball milled in isopropanol with zirconia balls in a
zirconia vessel using a planetary micromill (Fritsch Pulverisette
7). The mixture was dried before calcination at 600◦C for 5 h.
The calcined powders were then ball milled again. The obtained
powders were isostatically pressed into pellets at 150 MPa and

sintered at 800◦C for 4 h. The tape-cast LAGTP films were
prepared using a previously reported method (Bai et al., 2019).
A mixture of LAGTP powder, menhaden fish oil as a dispersant
(Sigma Aldrich), benzyl-butyl-phthalate as a plasticizer (Wako
Chemical, Japan), and polyvinyl butyral as a binder (Butvar
B98, Sigma Aldrich) in a toluene and ethanol mixed solvent
(1:1 v/v) was ball milled. The slurry was debubbled in a planetary

FIGURE 3 | (A) Cross-sectional SEM images and (B) EDX maps of LAGTP-E-LiCl.
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vacuum mixer (Thinky, Japan) before casting on a silicon-coated
polyethylene substrate using a two-doctor-blade apparatus. The
green tape-cast sheets were kept in a sealed box with a small
amount of ethanol in a refrigerator to slow down the drying
process at 4◦C for 24 h. The green sheet was punched into
disks with a typical diameter of 20 mm and a thickness of
around 40 µm. Several disks were isostatically hot pressed at
150 MPa and 80◦C for 30 min. The disks were calcined at
500◦C to remove organic additives and then sintered at 900◦C
for 7 h. The thickness of the sintered disk was 200–300 µm for
both conductivity measurements and for use as the separator
in the aqueous lithium-air cell. LAGTP with epoxy resin and
LiCl (LAGTP-E-LiCl) was prepared as follows. The LAGTP
disks were immersed in a tetrahydrofuran (THF) solution of

FIGURE 4 | Impedance profiles measured at 25◦C of (A) Au/LAGTP/Au,
Au/LAGTP-E/Au, and Au/LAGTP-E-LiCl/Au packed in plastic envelops under
an air atmosphere, and of (B) Au/LAGTP-E-LiCl/Au packed under an air
atmosphere (#) and in Ar-filled glove box (M), where LAGTP was soaked in a
tetrahydrofuran (THF) solution of the epoxy precursor with saturated LiCl
under air atmosphere, and Au/LAGTP-E-LiCl/Au packed in an Ar-filled glove
box (�), where LAGTP was soaked in a THF solution of the epoxy precursor
with saturated LiCl in an Ar-filled glove box.

0.1 M 1,3-phenylenediamine (Sigma Aldrich) and 2,2-bis(4-
glycidyloxy-phenyl)propane (Sigma Aldrich) (0.5:1 molar ratio)
with saturated LiCl for 24 h. The content of LiCl in the LiCl
saturated solution was ∼11 g L−1. These procedures were
conducted in open air. The disks were heated at 60◦C for 8 h in
open air to evaporate THF and absorb moisture and then heated
at 170◦C for 24 h to polymerize the epoxy resin. The molecular
weight of the epoxy resin was around 2,000 (Bogdal et al., 2002).
These drying and polymerization processes were also conducted
in an Ar-filled glove box to examine the effect of water.

The phases of epoxy resin, epoxy resin with LiCl, LAGTP,
LAGTP with epoxy (LAGTP-E), and LAGTP-E-LiCl were
examined by X-ray diffraction (XRD) diffraction analysis (Bruker
D8) with Cu Kα radiation. A sintered disk with gold-sputtered
electrodes was packed in a vacuum-sealed plastic film. The
electrical conductivities of the sintered disks with gold-sputtered
electrodes were then measured using an impedance phase
analyzer (Solartron 1260) in the frequency range of 0.1 Hz
to 1 M Hz with a bias voltage of 10 mV. Bulk and grain
boundary conductivities of the samples were estimated from
complex impedance plots using Zview 2 (Scribner Associates).
Water penetration tests were conducted with an H-type cell
and saturated aqueous LiCl solution, the solid electrolyte and
distilled water. The water permeation rate through the disk was
estimated from the change in the chloride concentration in the
distilled water over time using a chloride ion meter (Kasahara
Chemical Instruments, Japan). The epoxy resin content was
estimated from the weight change after LAGTP soaking in
the epoxy precursor solution. The fine powder of LAGTP-
E-LiCl was dispersed in 2 M sulfuric acid to determine the
LiCl content in the sample. The concentration of chloride ions
in 2 M sulfuric acid was determined using a chloride ion
meter, and the LiCl content in the sample was then estimated.
The morphology and element distribution of the sintered
disks were characterized using scanning electron microscopy
(SEM; Hitachi S480) equipped with energy dispersive X-ray
spectroscopy (EDX).

The aqueous lithium-air cell performance was examined using
an in-house-built Swagelok-type cell (Sunahiro et al., 2014).
The cell consisted of a 200-µm thick lithium metal anode
(Honjyo Metal), a {[Li(FSO2)2N (LiFSI)-2 tetraglyme (G4)]-50

TABLE 1 | Conductivity data of LAGTP-E-LiCl at 25◦C.

Sample Bulk Grain boundary Total

mS cm−1 mS cm−1 mS cm−1

LAGTP* 1.35 1.82 0.77

LAGTP-epoxy* 1.19 0.69 0.44

LAGTP-epoxy-LiCl* 1.36 2.50 0.88

LAGTP-epoxy-LiCl** 1.11 2.11 0.72

Partly in glove box

LAGTP-epoxy-LiCl*** in glove box 1.02 0.74 0.43

*Samples were prepared under an air atmosphere and conductivity measurement
cells were constructed under an air atmosphere. **Samples were prepared under
an air atmosphere and conductivity measurement cells were constructed in an
Ar-filled glove box. ***All procedures were performed in an Ar-filled glove box.
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vol% 1,3 dioxolane (DOL)} interlayer electrolyte, LAGTP-E-
LiCl, a saturated aqueous LiOH solution and saturated LiCl
aqueous solution mixture (1:1 v/v) catholyte, and a Ketjen black
(KB; Akzo Noble) and polytetrafluoroethylene (PTFE) mixed air
electrode pressed on Ti mesh. The (LiFSI-2G4)–50 vol% DOL
interlayer was reported to suppress lithium dendrite formation
(Wang et al., 2017).

RESULTS AND DISCUSSION

An epoxy resin precursor THF solution with saturated LiCl
was heated at 170◦C. The procedure was conducted in an Ar-
filled glove box or in the open atmosphere to evaluate the effect
of water. Figure 1 shows XRD patterns of epoxy resin and
epoxy resins with LiCl prepared in an air atmosphere or in
an Ar-filled glove box (dew point about −105◦C). The epoxy
resins with LiCl prepared in an air atmosphere showed mixed
diffraction lines assigned to LiCl and LiCl·H2O, while the epoxy
resins with LiCl prepared in an Ar-filled glove box showed only
trace diffraction lines due to LiCl·H2O. This indicates that LiCl
was transformed to LiCl·H2O by reaction with water in the
atmosphere. Figure 2 shows XRD patterns of LAGTP-E and
LAGTP-E-LiCl prepared in air. Almost all the diffraction lines
were indexed by the NASICON-type LiTi2(PO4)3 structure, and
trace diffraction lines due to GeO2 were observed as reported
previously (Bai et al., 2019). No diffraction lines of LiCl or
LiCl·H2O were observed. The ball-milled powder of LAGTP-E-
LiCl was dispersed in 2 M sulfuric acid overnight, and the Cl−
content in the solution was measured using a Cl− ion meter.
The content of LiCl in LAGTP-E-LiCl was estimated to be 0.9
wt%. Figure 3 shows SEM images and elemental distribution
maps of the LAGTP-E-LiCl cross-sections. These results indicate
that the element distributions were homogeneous, and LiCl
may be homogeneously distributed over the sample at the
grain boundaries.

FIGURE 5 | Electrical conductivity of LAGTP-E-LiCl as a function of
temperature.

Figure 4A shows impedance profiles of LAGTP, LAGTP-
E, and LAGTP-E-LiCl at 25◦C. The processes of soaking and
packing for the conductivity measurement cell were conducted
in an air atmosphere. The LiCl and epoxy contents were around
0.9 and 1.9 wt%, respectively. The impedance profiles showed a
semicircle followed by a straight line. The semicircle is attributed
to the grain boundary impedance and the straight line to the
diffusion process through the electrode (Bruce and West, 1983).
The intercept of the semicircle on the real axis at high frequency
represents the bulk resistance (R1), and the diameter of the
semicircle is attributed to the grain boundary resistance (R2). The
calculated bulk, grain boundary, and total conductivities at 25◦C
using the equivalent circuit shown in Figure 4A are summarized
in Table 1. The total and grain boundary conductivities of
LAGTP are comparable to those reported previously (Bai et al.,
2020). The total conductivity of LAGTP was decreased from
7.7 × 10−4 to 4.4 × 10−4 S cm−1 at 25◦C by the addition of
epoxy resin. The bulk conductivity was not changed, and the
grain boundary conductivity was decreased by the addition of
epoxy resin because the high resistivity epoxy resin at grain
boundaries suppresses lithium-ion diffusion through the grain
boundaries. The LAGTP with epoxy resin and LiCl showed
a high total conductivity of 8.8 × 10−4 S cm−1 at 25◦C,
where the bulk conductivity was comparable to that of LAGTP
without LiCl, but the grain boundary conductivity was obviously
higher than those of either LAGTP or LAGTP-E. As shown in
Figure 1, the epoxy and LiCl mixture contained the LiCl·H2O
phase; therefore, LAGTP-E-LiCl may have LiCl·H2O at grain
boundaries. Takahashi et al. (2012b) reported that LAGTP pellets
immersed in saturated LiCl aqueous solution and dried at
220◦C for 12 h under vacuum exhibited high conductivity of
9.2 × 10−3 S cm−1 at 25◦C under an air atmosphere (RH of
∼50%) and a conductivity of 7 × 10−4 S cm−1 at 25◦C in
an Ar-filled glove box, where the LiCl content was 1.45 wt%.
The high conductivity in the air atmosphere was explained by
the formation of a low-resistive LiCl–xH2O phase. As shown

FIGURE 6 | Water permeation of LAGTP, LAGTP-E, and LAGTP-E-LiCl at
room temperature.
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FIGURE 7 | Impedance profiles of symmetric stainless steel (SUS)/saturated
LiOH and LiCl aqueous solution/LAGTP-E-LiCl/saturated LiOH and LiCl
aqueous solution/symmetric stainless steel (SUS) at 25◦C as a function of the
storage period.

FIGURE 8 | Impedance profiles of the Li/(LiFSI-2G4)–50 vol%
DOL/LAGTP-E-LiCl or LAGTP-E/saturated LiOH and LiCl aqueous
solution/KB, air cells at 25◦C.

in Figure 1, epoxy resin with LiCl prepared in the air showed
LiCl·H2O and LiCl while that prepared in an Ar-filled glove
box showed LiCl with only trace LiCl·H2O. To examine the
effect of water on the conductivity, the impedance of LAGTP-
E-LiCl prepared in an Ar-filled glove box was compared with
LAGTP-E-LiCl prepared in air. The impedances of Au/LAGTP-
E-LiCl/Au cells assembled in air and in an Ar-filled glove box
were also compared. Figure 4B shows impedance profiles of
these cells at 25◦C. The lithium-ion conductivity of LAGTP-
E-LiCl assembled in an Ar-filled glove box is slightly lower
than that assembled in air, where LAGTP was soaked in the
epoxy and LiCl solution in air. The lithium-ion conductivity
of LAGTP-E-LiCl assembled in an Ar-filled glove box using

FIGURE 9 | Charge and discharge curves of the Li/(LiFSI-2G4)–50 vol%
DOL/LAGTP or LAGTP-E-LiCl/saturated LiOH and LiCl aqueous solution/KB,
air cell at various current densities and 25◦C.

FIGURE 10 | Cycle performance of the Li/(LiFSI-2G4)–50 vol% DOL/LAGTP
with epoxy resin and LiCl/saturated LiOH and LiCl aqueous solution/KB, air
cell at 0.5 mA cm−2 and 25.

LAGTP-E-LiCl soaked in the epoxy and LiCl solution in an
Ar-filled glove box was comparable to that of LAGTP-E, which
suggests that small amount of LiCl (0.9 wt%) has no effect on
the lithium-ion conductivity of LAGTP-E. The enhancement of
conductivity by the addition of both epoxy resin and LiCl could
be explained by LiCl·H2O at the grain boundaries. Figure 5 shows
the temperature dependence of the lithium-ion conductivity for
LAGTP-E-LiCl (1.9 wt% epoxy resin and 0.9 wt% LiCl), LAGTP-
E (1.9 wt% epoxy resin), and LAGTP. The activation energy
for the conduction of LAGTP, 0.36 eV, was slightly higher than
0.30 eV (Zhang et al., 2013) reported previously for a sintered
LAGTP pellet. The lowest activation energy for conduction of
0.34 eV was observed for LAGTP-E-LiCl, and the highest was
0.4 eV for LAGTP-E. The higher activation energy for LAGTP-E
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may be due to the higher resistivity of the grain boundary phases
with epoxy resin.

Water impermeability through the solid electrolyte as a
separator for aqueous lithium-air batteries is an important
requirement because if water in the catholyte passes through
the solid electrolyte, the lithium metal anode will react with
water. Figure 6 shows the test results of water permeation for
LAGTP, LAGTP-E, and LAGTP-E-LiCl at room temperature.
The LAGTP disk (∼0.25 mm thick) without epoxy resin
showed a linear increase of the Cl− content with time, while
no water permeation was observed for the LAGTP-E and
LAGTP-E-LiCl disks (∼0.25 mm thick) because the open pores
in LAGTP were closed by epoxy resin. The stability of the
lithium-ion-conducting solid electrolyte in contact with the
catholyte is another important requirement for aqueous lithium-
air batteries. The NASICON-type lithium-ion conducting solid
electrolyte of Li1 + xAlxTi2 − x(PO4)3 has been reported to
be stable in weak acid and weak alkaline solutions with a
high content of Li+ (Shimonishi et al., 2010, 2011; Zhang
et al., 2011). The stability of the LAGTP-E-LiCl disk in
saturated LiOH and LiCl aqueous solution (∼pH 8), which
is a typical catholyte for aqueous lithium-air batteries (Puech
et al., 2012; Sunahiro et al., 2014; Safanama and Adams,
2017), was examined using an H-type cell. Figure 7 shows the
impedance profiles of a symmetric stainless steel (SUS)/saturated
LiOH and LiCl aqueous solution/LAGTP-E-LiCl/saturated LiOH
and LiCl aqueous solution/SUS cell as a function of the
storage period. The impedance profiles showed no significant
change for 1 month. Therefore, LAGTP-E-LiCl is considered
to be stable in the catholyte used for aqueous lithium-
air batteries.

The cell performance of the aqueous lithium-air cell with the
high lithium-ion conductivity solid electrolyte of LAGTP-E-LiCl
was examined at room temperature under an air atmosphere.
Figure 8 shows the impedance profiles of the Li/(LiFSI-2G4)–
50 vol% DOL/LAGTP-E-LiCl/saturated LiOH and LiCl aqueous
solution/KB, air cell compared with that of a cell with LAGTP-
E. These impedance profiles show two semicircles; the semicircle
at high frequency corresponds to the grain boundary resistance
of the solid electrolyte and that at low frequency to the interface
resistance with lithium metal (Nemori et al., 2018). The cell
with LAGTP-E-LiCl showed a lower cell resistance of ∼167 �
compared with that of the cell with LAGTP-E (∼200 �), where
the contact area of the lithium electrode with the interlayer
electrolyte was 1.13 cm2, that of the interlayer electrolyte with
the solid electrolyte was 1.76 cm2, and that of the catholyte
with the air electrode was 2.0 cm2. The real axis intercept
of the high-frequency semicircle corresponds to the sum of
the bulk resistance of the solid electrolyte and resistances of
the interlayer electrolyte and the catholyte. The lithium-ion
conductivity of the interlayer electrolyte was ∼5 × 10−3 S
cm−1at 25◦C (Wang et al., 2017), and the thickness of the
electrolyte was about 0.5 cm. Therefore, the resistance of the
interlayer electrolyte is as high as 100 �. The resistance of
the cell with LAGTP-E-LiCl could thus be reduced to <100
� cm−2 if a thin interlayer electrolyte was used. The low cell
resistance is an important requirement to achieve a high power

density. Figure 9 shows the charge and discharge performance
of the Li/(LiFSI-2G4) – 50 vol% DOL/LAGTP-E or LAGTP-E-
LiCl/saturated LiOH and LiCl aqueous solution/KB, air cell at
25◦C and various current densities. The open circuit voltage of
the cell was 3.08 V, which is slightly higher than that reported
previously (Sunahiro et al., 2014). The charge and discharge
overpotentials for the cell with LAGTP-E-LiCl were lower than
those for the cell with LAGTP-E. The charge and discharge
overpotentials were considerably high at a high current density.
The lithium deposition and stripping overpotential between
lithium and (LiFSI-2G4) – 50 vol% DOL was low (Wang
et al., 2017), and the cell resistance was low; therefore, the
high overpotential could be attributed to the oxygen reduction
and oxygen evolution reactions at the KB electrode (Ohkuma
et al., 2013). The round trip energy loss by the overpotential
at 0.2 mA cm−2 was ∼20%, which is comparable to that
for a non-aqueous lithium-air battery at 0.2 mA cm−2 under
an oxygen atmosphere (Zhang et al., 2017). Figure 10 shows
the discharge and discharge cycle performance (1 h each)
of the Li/(LiFSI-2G4)–50 vol% DOL/LAGTP-E-LiCl/saturated
LiOH and LiCl aqueous solution/KB, air cell at 0.5 m cm−2

and 25◦C. The cell was successfully cycled for 50 cycles. The
charging voltage was increased slightly with cycling from 3.35
to 3.8 V. The increase may be due to the formation of Li2CO3
on the air electrode because the cell was operated under air
(Sunahiro et al., 2014).

CONCLUSION

A water-stable and water-impermeable high lithium-ion
conductivity solid electrolyte of LAGTP with epoxy resin and
LiCl was developed by immersion in an epoxy resin precursor
THF solution with saturated LiCl. The epoxy resin and LiCl
contents in LAGTP-E-LiCl were estimated to be 1.9 and 0.9 wt%,
respectively. The lithium-ion conductivity of LAGTP-E-LiCl at
25◦C was 8.8 × 10−4 S cm−1, which was approximately two
times higher than that of LAGTP-E without LiCl. The high
lithium-ion conductivity in LAGTP-E-LiCl could be explained
by the low resistance of the LiCl·H2O phase at the grain
boundaries. The Li/(LiFSI-2G4)–50 vol% DOL/LAGTP with
epoxy and LiCl/saturated LiOH and LiCl aqueous solution/KB,
air cell was successfully cycled at 0.5 m cm−2 and 25◦C in
an air atmosphere.
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