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glass—ceramics are stable in aqueous LiNO3 and aqueous LiCl, and unstable in aqueous 0.1 M HCI and
1M LiOH. In distilled water, the electrical conductivity slightly increases as a function of immersion time
in water. The Li-Al/Li3_xPO4_,N,/LATP/aqueous 1M LiCl/Pt cell, where lithium phosphors oxynitrides
Li3_xPO4_yN, (LiPON) are used to protect the direct reaction of Li and LATP, shows a stable open circuit
voltage (OCV) of 3.64 V at 25 °C, and no cell resistance change for 1 week. Lithium phosphors oxynitride is
effectively used as a protective layer to suppress the reaction between the LATP and Li metal. The water-
stable Li/LiPON/LATP system can be used in Li/air secondary batteries with the air electrode containing

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Lithium/air batteries have potentially higher energy density,
because the active cathode materials are supplied from outside of
the battery. The theoretical specific energy density of lithium/air,
excluding oxygen, is 11.140 kWh kg~ which is comparable to that of
a gasoline/air. To develop a high performance lithium/air secondary
battery, a number of problems need to be resolved in relation to the
electrolyte, the lithium anode, and the air cathode. Three types of
electrolyte have been proposed, namely non-aqueous electrolytes
[1,2], gel-type polymer electrolytes [3], and solid electrolytes [4].
Non-aqueous electrolytes and gel-type polymer electrolytes are
both stable with lithium metal, however their instability to mois-
ture from the air is an issue for long term operation [5]. Visco et al.
[6] proposed an unique lithium/air cell with a water-stable lithium
conducting solid electrolyte based on a NASICON-type Li3M5(POg4)3.
This cell consisted of a lithium anode, the solid electrolyte described
above, an oxygen electrode, and a reservoir to hold the cell reac-
tion product. The authors reported stable discharge performance
in the Li/solid electrolyte/aqueous 4 M NH4Cl/Pt, air cell for nearly
2 months. Lij.xMxTiy_»(POg4)3 (M=Al, Sc, Y and La), a NASICON-
type lithium ion conducting solid electrolyte, has been reported by
Aono et al. [7], and a maximum conductivity (10-3 Scm~1 at 300K)
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was achieved at x~ 0.3 for Lij+xAlxTio_x(POg4)3. The water stability
of Liy 3Alg3Tiq7(POg4)3 was further examined by Cretin et al. [8]. The
authors found that the weight loss for the sample prepared by the
sol-gel process after immersion for about 100 h in distilled water
was approximately 0.9%. Thokchom and kumar [9] reported the
water stability of the glass—ceramic system Li; 3Alg3Ti17(POg4)3,and
observed a small degradation (slight buckling) of the membrane
after 65 days of immersion in tap water. The conductivity data and
any phase changes, however, after immersion in the water, were
not reported. We have reported in our previous work that no sig-
nificant change of the XRD patterns, and in the conductivity, were
observed for the glass-ceramic system, Lij+z+yAlxTip_xSiyP3_,012
(LATP), after immersed in water for 1 month [10].

In this study, the stability of the LATP plate immersed in different
types of aqueous electrolytes was examined. In addition, the sta-
bility of the Li/Li3_xPO4_,N,/LATP/water cell was studied, where
the Liz_,PO4_yNy (LiPON) layer was used to protect the reaction
between the Li and the LATP. The Li/Li3_,PO4_,N,/LATP system is
attractive for the development of a durable lithium/air secondary
battery, as it shows stability in moist air.

2. Experimental

The water-stable NASICON-type glass—ceramic Li+y+yAlxTiz_x
SiyP3_,01, plate (150 pm in thickness and 3.05gcm3 in density)
and powder (1-10 wm average particle diameter) were supplied
by Ohara Inc., Japan. The preparation method of LATP has been
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described in the literature [11,12]. The water stability test of the
LATP was carried out for the plate and the powder. The samples
were immersed in distilled water; aqueous 1 M LiOH; aqueous 1 M
LiNO3; aqueous 1M LiCl; and aqueous 0.1 M HCl all at 25°C.

The impedances of the LATP plates, using sputtered gold elec-
trodes, were measured using a Solartron 1260 frequency response
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Fig. 1. XRD patterns of the LAPT plates immersed in distilled water for 1 month (a),
for 8 months (b) and the pristine plate (c).
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Fig. 2. XRD patterns of the LAPT plates immersed in 1M LiOH solution for 1 week
(a), 1 M LiNOs solution for 3 weeks (b) and 0.1 M HCl solution for 3 weeks (c).

analyzer with a Solartron 1287 electrochemical interface in the fre-
quency range 0.1 Hz-1 MHz. Z plot software was employed for data
analysis and presentation. The ac impedances of the samples in
air were measured in the temperature range from 20 to 80°C at
10°C steps. At each temperature, the specimen was equilibrated
for 20 min before the impedance measurement.
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Fig. 3. SEM images of the LAPT plates immersed in 1 M LiOH for 1 week (a) and for 8 months (b).

X-ray diffraction (XRD) data were obtained using a Rigaku RINT
2500 with a copper target. Scanning electron microscope (SEM)
images were measured using a Hitachi SEM S-4000.

The water stability test of the Li/LiPON/LATP cell was carried out
using the 150-pm thick LATP plate, which had been prepared by the
method previously reported [10]. On the LATP plate, a thin LATP
film was sputtered to make good contact with the LiPON film. The
LiPON thin film (thickness approximately 1 wm), which also served
to stop the reaction between the Li and the LATP, was sputtered
onto the LATP plate using a Li3PO4 target in a nitrogen gas flow.
To make good contact between the LiPON and the Li metal, an Al
thin film was sputtered on the LiPON surface. The Li-Al/LiPON/LATP
cell was sealed using a plastic film, leaving a square window of

5mm x 5 mm onto the plate, to make contact with the electrolyte
solution. The cell was then immersed into the aqueous 1M LiCl
solution. Platinum plates, with a platinum black coating, were used
as the counter and reference electrodes. The impedance of the cell
was measured in a temperature range from 20 to 60 °C. A constant
current was passed into the cell at 25°C and the voltages between
the Li metal electrode and the reference electrode were recorded.

3. Results and discussion
Fig. 1 shows the XRD patterns of the LATP plate immersed in dis-

tilled water at 25 °C. The LATP plates immersed in water for 1 month
(a),and 8 months (b) and show no significant difference in their XRD

X 10k
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Fig. 4. SEM images of the LAPT plates immersed in 1 M LiNOj3 for 3 weeks (a), 1 M LiCl for 3 weeks (b), 0.1 M HCI for 3 weeks (c) and pristine plate (d).
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Fig. 5. Impedance spectra at 25°C of the pristine LATP plate (a), the LATP plate
immersed in distilled water for 1 month (b) and the LATP plate immersed in distilled
water for 8 months (c).

patterns from the pristine LATP sample with the NASICON-type
structure (c). These results suggest that the LATP plate is struc-
turally stable for long periods of time in water. Fig. 2 shows the
XRD patterns of the LATP plates immersed in aqueous 1M LiOH
for 1 week (a), aqueous 0.1 M HCI (pH~ 1) for 3 weeks (b) and 1M
aqueous LiNO3 (pH & 5.8) for 3 weeks (c). These XRD studies indi-
cate that the LATP plate is stable in aqueous 1 M LiNO3, but unstable
inaqueous 1 M LiOH. The LATP plate immersed in aqueous1 M LiOH
for 1 week gave an extra XRD diffraction peak at near 23° in 26, as
shown in Fig. 2(a). The extra diffraction peak was indexed to the
Li3PO4 phase. The LATP powder immersed in aqueous 0.1 M LiOH
for 2 weeks showed no extra diffraction peaks. These results sug-
gest that LATP cannot be used in strong alkaline media, but can be
used in a weak alkaline solution for short periods of time. The XRD
patterns of the LATP plate immersed in aqueous 0.1 M HCl show an
unidentified extra peak at approximately 22° in 26. The XRD study
for the LATP powder immersed in aqueous 5 M HCl showed a very
different diffraction pattern from the starting structure after only 3
days. This is very relevant information from a practical standpoint
for the NASICON-type glass—ceramics in lithium/air batteries, as
strong acid and alkaline solutions cannot be used as electrolytes
(or the reservoir of the reaction product) at the air electrode.

The decomposition of the LATP plate in the alkaline and acid
solutions was also confirmed from the SEM images. Fig. 3 shows
the SEM images of the LATP plates immersed in aqueous 1M LiOH
for 1 week (a) and 8 months (b). Significant changes of the surface
morphology were observed for the sample immersed for 8 months.
The glassy surface of the fresh LATP plate has changed to a rough
one, meaning that the LATP plate reacts with LiOH. The SEM images
of the LATP plates immersed in aqueous 1 M LiNO3 (pH~ 5.8) for 1
week (a), in aqueous 1 M LiCl for 1 week (b), in aqueous 0.1 M HCI
(pH~1) for 1 week (c) and the pristine LATP plate (d) are shown
in Fig. 4. The surface morphology of the LATP plates immersed in
aqueous 1M LiNO3 and aqueous 1M LiCl show no change; how-
ever the plate immersed in aqueous 0.1 M HCl showed a significant
morphological change on some parts of the plate. These surface
morphology changes confirm the XRD results in Fig. 2.

The electrical conductivities of the LATP plate immersed in dis-
tilled water; aqueous 1 M LiNO3; aqueous 0.1 M HCl; aqueous 1M
LiCl; and aqueous 1 M LiOH were examined in a temperature range
from 25 to 80°C.In a previous paper [10], we reported that the elec-
trical conductivity of the LATP plate immersed in distilled water for
1 month had slightly decreased, and this decrease was explained
by the formation of a second phase in the grain boundary. The ac
impedance spectra of the pristine LATP and those of the LATP plates
immersed in distilled water for 1 month and 8 months at 25°C
are shown in Fig. 5. The spectrum of the pristine LATP shows one
semicircle plus a larger semicircle in the lower frequency range
which appears as an electrode response. The smaller semicircle is
attributed to the grain boundary resistance of the LATP. The inter-
cept of the semicircle on the real axis at high frequency represents
the bulk resistance of the LATP, R,, [13]. However, the samples
immersed in water for 1 month and 8 months show a depressed
semicircle. This change in response is due to the different grain
boundary phases present in the sample due to the decomposition
of the LATP plate in water. The grain boundary resistance slightly
increases as a function of the immersion time in water. The results
were analyzed using an equivalent circuit model shown in Fig. 5, in
which two resistances for the different types of grain boundaries
are assumed. The grain boundary resistance in the lower frequency
range, Ry, increases from 144 €2 for the sample immersed in water
for 1 month to 242 Q2 for that immersed in water for 8 months
while in the high frequency range, Ry is virtually constant of 135
as a function of immersion time. These results show that Ry is
attributed to the grain boundary of the LATP plate, while Rgy can
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Fig. 6. Impedance spectra at 25 °C of the pristine LATP plate (a), the LATP plate immersed in 1 M LiNOs for 3 weeks (b), 0.1 M HCl for 3 weeks (c), 1 M LiOH for 8 months (d),

distilled water for 1 month (e) and 1M LiCl for 3 weeks (f).

be attributed to the formation of the second phase at the grain
boundary due to the reaction of the LATP and water.

The impedance profiles of the LATP plates immersed in aque-
ous 1 M LiNOs; aqueous 1 M LiOH; aqueous 0.1 M HCl; and aqueous
1M LiCl, are shown together with the pristine LATP plate in Fig. 6.
The impedance profiles of the samples immersed in aqueous LiNO3
and aqueous LiCl are similar to the pristine LATP plate with no
contributions from extra phases. This means that the LATP plate is
electrochemically stable in aqueous LiNO3; and aqueous LiCl. How-
ever, the resistances of the LATP plate immersed in aqueous 1M
LiOH and aqueous 0.1 M HCI drastically increased. These higher
resistances are due to the decomposition of the LATP plate in aque-
ous LiOH and aqueous HCl as confirmed from the XRD study and
the SEM observation. Fig. 7 shows the temperature dependence
of the electrical conductivity of the pristine LATP plate and the

LATP plated immersed for 3 weeks in aqueous 1M LiNOs. The
bulk conductivity slightly decreased, while the grain boundary con-
ductivity increased. These changes come from a fitting condition
of the impedance profiles. The total electrical conductivity of the
LAPT plate is the same both before and after the immersion. The
LATP plate immersed in aqueous 1M LiCl exhibited no conductiv-
ity change within 3 weeks. The existence of Li* ions may contribute
to the stability of the LATP plate in the presence of water. The sec-
ond phase observed in the LAPT plate immersed in distilled water
may be due to the ionic exchange reaction between Li* and H*, and
the reaction may be suppressed by the presence of Li* ions.

The water stability test for the lithium/air cell with the LATP
plate electrolyte was carried out in aqueous 1M LiCl. Fig. 8 shows
the impedance profiles of the Li-Al/LiPON/LATP/LiPON/Li-Al sym-
metrical cell and the Li-Al/LiPON/LATP/aqueous 1 M LiCl/Pt cell at
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Fig. 7. Temperature dependence of total conductivity, grain conductivity, and grain
boundary conductivity of the LATP plate immersed in 1M LiNOs for 3 weeks.

40°C. The cell resistance of Li-Al/LiPON/LATP/aqueous 1 M LiCl/Pt
is estimated 3100 €2, which is almost half the resistance of 8000 €2
for Li-Al/LiPON/LATP/LiPON/Li-Al The major component of the cell
resistance of the latter symmetrical cell comes from the interface
resistance between Li-Al/LiPON [10]. Therefore, it is suggested here
that the interfacial resistance of the LATP plate and the aqueous
LiCl solution may be quite low. Hence, the lithium ion transport
between the LATP solid electrolyte and the liquid electrolyte is fast
enough. Fig. 9 shows the time dependence of the impedance pro-
files of the Li-Al/LiPON/LATP/aqueous 1 M LiCl/Pt at 25 °C. The cell
resistance slightly increased from 8300 to 10,000 €2 after 3 days and
then decreased to 7200 €2 after 7 days. The reason for this resistance
change is not clear, but the impedance profiles after 1 week storage
are almost the same as that of the initial cell. This means that the
Li-Al/LiPON/LATP is stable even in water, and that the water does
not penetrate through the LATP plate.

Fig. 10 shows a constant current (30 p.A cm—2) discharge curve
at 25°C. The open circuit voltage (OCV) of the Li-Al/LiPON/LATP/
aqueous 1M LiCl/Pt was 3.6V at 25°C, and was stable for 1 week.
The theoretical OCV value calculated from the following reaction

2Li + (1/2)02+H20 = 2LiOH

is 3.8 V. Thus, the observed OCV is slightly lower than the calculated
one. The low OCV may be due to the effect of a small amount of Al
in the Li electrode, and/or the low oxygen partial pressure on the
Pt electrode. The initial cell resistance was estimated to be 8000 2
from the current and cell voltage curve, which is comparable to
the total cell resistance observed by ac impedance profiles. The
decrease of the cell voltage may be due to polarization between the
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Fig. 10. Constant current (30 pAcm~—2) discharge performance of Li-Al/LiPON/
LATP/1 M LiCl/Pt at 25°C.

Li metal anode and LiPON. From a practical applications standpoint
for the lithium/air batteries, the interfacial resistance between the
lithium metal and LiPON should be reduced, which is subject of
work currently underway.

4. Conclusions

The water stability of the NASICON-type lithium ion conduct-
ing solid, Lij+x+yAlxTip_xP3_ySiyO12 (LATP), for the electrolyte in the
lithium/air battery was examined in various types of aqueous solu-
tion. The LATP plate was stable in aqueous 1M LiNO3; and aqueous
1M LiCL The LATP immersed in aqueous HCl and LiOH showed a
high resistance. The LATP plate immersed in aqueous 1M LiOH
decomposed, and LiPO4 appeared as a result. In distilled water con-
taining no electrolyte salt, the electrical conductivity of the LATP
plate slightly increased with immersion period, and the impedance
profile suggested that a new phase occurred at the grain boundary.

The Li-Al/LiPON/LATP/aqueous 1 M LiCl/Pt cell showed a stable OCV
of 3.6V at 25°C for 1 week. The interfacial resistance between the
LATP solid electrolyte and the aqueous LiCl solution was low. To
obtain a high performance lithium/air battery, the interfacial resis-
tance between the lithium electrode and the LiPON layer should be
reduced.
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