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a b s t r a c t

The water stability of the fast lithium ion conducting glass–ceramic electrolyte, Li1+x+yAlxTi2−xSiyP3−yO12

(LATP), has been examined in distilled water, and aqueous solutions of LiNO3, LiCl, LiOH, and HCl. This
glass–ceramics are stable in aqueous LiNO3 and aqueous LiCl, and unstable in aqueous 0.1 M HCl and
eywords:
ithium/air battery
olid electrolyte
olid lithium ion conductor
iPON

1 M LiOH. In distilled water, the electrical conductivity slightly increases as a function of immersion time
in water. The Li–Al/Li3−xPO4−yNy/LATP/aqueous 1 M LiCl/Pt cell, where lithium phosphors oxynitrides
Li3−xPO4−yNy (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
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lass–ceramics water.

. Introduction

Lithium/air batteries have potentially higher energy density,
ecause the active cathode materials are supplied from outside of
he battery. The theoretical specific energy density of lithium/air,
xcluding oxygen, is 11.140 kWh kg−1 which is comparable to that of
gasoline/air. To develop a high performance lithium/air secondary
attery, a number of problems need to be resolved in relation to the
lectrolyte, the lithium anode, and the air cathode. Three types of
lectrolyte have been proposed, namely non-aqueous electrolytes
1,2], gel-type polymer electrolytes [3], and solid electrolytes [4].
on-aqueous electrolytes and gel-type polymer electrolytes are
oth stable with lithium metal, however their instability to mois-
ure 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
onducting solid electrolyte based on a NASICON-type Li3M2(PO4)3.
his cell consisted of a lithium anode, the solid electrolyte described
bove, an oxygen electrode, and a reservoir to hold the cell reac-
ion product. The authors reported stable discharge performance

n the Li/solid electrolyte/aqueous 4 M NH4Cl/Pt, air cell for nearly

months. Li1+xMxTi2−x(PO4)3 (M = Al, Sc, Y and La), a NASICON-
ype lithium ion conducting solid electrolyte, has been reported by
ono et al. [7], and a maximum conductivity (10−3 S cm−1 at 300 K)
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as achieved at x ≈ 0.3 for Li1+xAlxTi2−x(PO4)3. The water stability
f Li1.3Al0.3Ti1.7(PO4)3 was further examined by Cretin et al. [8]. The
uthors found that the weight loss for the sample prepared by the
ol–gel process after immersion for about 100 h in distilled water
as approximately 0.9%. Thokchom and kumar [9] reported the
ater stability of the glass–ceramic system Li1.3Al0.3Ti1.7(PO4)3, and
bserved a small degradation (slight buckling) of the membrane
fter 65 days of immersion in tap water. The conductivity data and
ny phase changes, however, after immersion in the water, were
ot reported. We have reported in our previous work that no sig-
ificant change of the XRD patterns, and in the conductivity, were
bserved for the glass–ceramic system, Li1+z+yAlxTi2−xSiyP3−yO12
LATP), after immersed in water for 1 month [10].

In this study, the stability of the LATP plate immersed in different
ypes of aqueous electrolytes was examined. In addition, the sta-
ility of the Li/Li3−xPO4−yNy/LATP/water cell was studied, where
he Li3−xPO4−yNy (LiPON) layer was used to protect the reaction
etween the Li and the LATP. The Li/Li3−xPO4−yNy/LATP system is
ttractive for the development of a durable lithium/air secondary
attery, as it shows stability in moist air.

. Experimental
The water-stable NASICON-type glass–ceramic Li1+x+yAlxTi2−x
iyP3−yO12 plate (150 �m in thickness and 3.05 g cm−3 in density)
nd powder (1–10 �m average particle diameter) were supplied
y Ohara Inc., Japan. The preparation method of LATP has been

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:imanishi@chem.mie-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.08.009
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escribed in the literature [11,12]. The water stability test of the

ATP was carried out for the plate and the powder. The samples
ere immersed in distilled water; aqueous 1 M LiOH; aqueous 1 M

iNO3; aqueous 1 M LiCl; and aqueous 0.1 M HCl all at 25 ◦C.
The impedances of the LATP plates, using sputtered gold elec-

rodes, were measured using a Solartron 1260 frequency response

ig. 1. XRD patterns of the LAPT plates immersed in distilled water for 1 month (a),
or 8 months (b) and the pristine plate (c).
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ig. 2. XRD patterns of the LAPT plates immersed in 1 M LiOH solution for 1 week
a), 1 M LiNO3 solution for 3 weeks (b) and 0.1 M HCl solution for 3 weeks (c).

nalyzer with a Solartron 1287 electrochemical interface in the fre-

uency range 0.1 Hz–1 MHz. Z plot software was employed for data
nalysis and presentation. The ac impedances of the samples in
ir were measured in the temperature range from 20 to 80 ◦C at
0 ◦C steps. At each temperature, the specimen was equilibrated
or 20 min before the impedance measurement.
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Fig. 3. SEM images of the LAPT plates immers

X-ray diffraction (XRD) data were obtained using a Rigaku RINT
500 with a copper target. Scanning electron microscope (SEM)

mages were measured using a Hitachi SEM S-4000.
The water stability test of the Li/LiPON/LATP cell was carried out

sing the 150-�m thick LATP plate, which had been prepared by the
ethod previously reported [10]. On the LATP plate, a thin LATP

lm was sputtered to make good contact with the LiPON film. The
iPON thin film (thickness approximately 1 �m), which also served

o stop the reaction between the Li and the LATP, was sputtered
nto the LATP plate using a Li3PO4 target in a nitrogen gas flow.
o make good contact between the LiPON and the Li metal, an Al
hin film was sputtered on the LiPON surface. The Li–Al/LiPON/LATP
ell was sealed using a plastic film, leaving a square window of

3

t
(

Fig. 4. SEM images of the LAPT plates immersed in 1 M LiNO3 for 3 weeks (a),
1 M LiOH for 1 week (a) and for 8 months (b).

mm × 5 mm onto the plate, to make contact with the electrolyte
olution. The cell was then immersed into the aqueous 1 M LiCl
olution. Platinum plates, with a platinum black coating, were used
s the counter and reference electrodes. The impedance of the cell
as measured in a temperature range from 20 to 60 ◦C. A constant

urrent was passed into the cell at 25 ◦C and the voltages between
he Li metal electrode and the reference electrode were recorded.
. Results and discussion

Fig. 1 shows the XRD patterns of the LATP plate immersed in dis-
illed 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

1 M LiCl for 3 weeks (b), 0.1 M HCl 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).
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atterns from the pristine LATP sample with the NASICON-type
tructure (c). These results suggest that the LATP plate is struc-
urally stable for long periods of time in water. Fig. 2 shows the
RD patterns of the LATP plates immersed in aqueous 1 M LiOH

or 1 week (a), aqueous 0.1 M HCl (pH ≈ 1) for 3 weeks (b) and 1 M
queous LiNO3 (pH ≈ 5.8) for 3 weeks (c). These XRD studies indi-
ate that the LATP plate is stable in aqueous 1 M LiNO3, but unstable
n aqueous 1 M LiOH. The LATP plate immersed in aqueous1 M LiOH
or 1 week gave an extra XRD diffraction peak at near 23◦ in 2�, as
hown in Fig. 2(a). The extra diffraction peak was indexed to the
i3PO4 phase. The LATP powder immersed in aqueous 0.1 M LiOH
or 2 weeks showed no extra diffraction peaks. These results sug-
est that LATP cannot be used in strong alkaline media, but can be
sed in a weak alkaline solution for short periods of time. The XRD
atterns of the LATP plate immersed in aqueous 0.1 M HCl show an
nidentified extra peak at approximately 22◦ in 2�. The XRD study
or the LATP powder immersed in aqueous 5 M HCl showed a very
ifferent diffraction pattern from the starting structure after only 3
ays. This is very relevant information from a practical standpoint
or the NASICON-type glass–ceramics in lithium/air batteries, as
trong 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
olutions was also confirmed from the SEM images. Fig. 3 shows
he SEM images of the LATP plates immersed in aqueous 1 M LiOH
or 1 week (a) and 8 months (b). Significant changes of the surface

orphology were observed for the sample immersed for 8 months.
he glassy surface of the fresh LATP plate has changed to a rough
ne, meaning that the LATP plate reacts with LiOH. The SEM images
f the LATP plates immersed in aqueous 1 M LiNO3 (pH ≈ 5.8) for 1
eek (a), in aqueous 1 M LiCl for 1 week (b), in aqueous 0.1 M HCl

pH ≈ 1) for 1 week (c) and the pristine LATP plate (d) are shown
n Fig. 4. The surface morphology of the LATP plates immersed in
queous 1 M LiNO3 and aqueous 1 M LiCl show no change; how-
ver the plate immersed in aqueous 0.1 M HCl showed a significant
orphological change on some parts of the plate. These surface
orphology changes confirm the XRD results in Fig. 2.
The electrical conductivities of the LATP plate immersed in dis-

illed water; aqueous 1 M LiNO3; aqueous 0.1 M HCl; aqueous 1 M
iCl; and aqueous 1 M LiOH were examined in a temperature range
rom 25 to 80 ◦C. In a previous paper [10], we reported that the elec-
rical conductivity of the LATP plate immersed in distilled water for
month had slightly decreased, and this decrease was explained

y the formation of a second phase in the grain boundary. The ac
mpedance spectra of the pristine LATP and those of the LATP plates
mmersed in distilled water for 1 month and 8 months at 25 ◦C
re shown in Fig. 5. The spectrum of the pristine LATP shows one
emicircle plus a larger semicircle in the lower frequency range
hich appears as an electrode response. The smaller semicircle is

ttributed to the grain boundary resistance of the LATP. The inter-
ept of the semicircle on the real axis at high frequency represents
he bulk resistance of the LATP, Rb [13]. However, the samples
mmersed in water for 1 month and 8 months show a depressed
emicircle. This change in response is due to the different grain
oundary phases present in the sample due to the decomposition
f the LATP plate in water. The grain boundary resistance slightly
ncreases as a function of the immersion time in water. The results

ere analyzed using an equivalent circuit model shown in Fig. 5, in
hich two resistances for the different types of grain boundaries

re assumed. The grain boundary resistance in the lower frequency

ange, Rg2, increases from 144 � for the sample immersed in water
or 1 month to 242 � for that immersed in water for 8 months
hile in the high frequency range, Rg1 is virtually constant of 135 �

s a function of immersion time. These results show that Rg1 is
ttributed to the grain boundary of the LATP plate, while Rg2 can
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ig. 6. Impedance spectra at 25 ◦C of the pristine LATP plate (a), the LATP plate imm
istilled water for 1 month (e) and 1 M LiCl for 3 weeks (f).

e attributed to the formation of the second phase at the grain
oundary due to the reaction of the LATP and water.

The impedance profiles of the LATP plates immersed in aque-
us 1 M LiNO3; aqueous 1 M LiOH; aqueous 0.1 M HCl; and aqueous
M LiCl, are shown together with the pristine LATP plate in Fig. 6.
he impedance profiles of the samples immersed in aqueous LiNO3
nd aqueous LiCl are similar to the pristine LATP plate with no
ontributions from extra phases. This means that the LATP plate is
lectrochemically stable in aqueous LiNO3 and aqueous LiCl. How-
ver, the resistances of the LATP plate immersed in aqueous 1 M

iOH and aqueous 0.1 M HCl drastically increased. These higher
esistances are due to the decomposition of the LATP plate in aque-
us LiOH and aqueous HCl as confirmed from the XRD study and
he SEM observation. Fig. 7 shows the temperature dependence
f the electrical conductivity of the pristine LATP plate and the

t

p
t
m

in 1 M LiNO3 for 3 weeks (b), 0.1 M HCl for 3 weeks (c), 1 M LiOH for 8 months (d),

ATP plated immersed for 3 weeks in aqueous 1 M LiNO3. The
ulk conductivity slightly decreased, while the grain boundary con-
uctivity increased. These changes come from a fitting condition
f the impedance profiles. The total electrical conductivity of the
APT plate is the same both before and after the immersion. The
ATP plate immersed in aqueous 1 M LiCl exhibited no conductiv-
ty change within 3 weeks. The existence of Li+ ions may contribute
o the stability of the LATP plate in the presence of water. The sec-
nd phase observed in the LAPT plate immersed in distilled water
ay be due to the ionic exchange reaction between Li+ and H+, and
he reaction may be suppressed by the presence of Li+ ions.
The water stability test for the lithium/air cell with the LATP

late electrolyte was carried out in aqueous 1 M LiCl. Fig. 8 shows
he impedance profiles of the Li–Al/LiPON/LATP/LiPON/Li–Al sym-

etrical cell and the Li–Al/LiPON/LATP/aqueous 1 M LiCl/Pt cell at
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Fig. 8. Impedance spectra at 40 ◦C of Li–Al/LiPON/LATP/LiPON/Li–Al cell (a) and
Li–Al/LiPON/LATP/1 M LiCl/Pt cell (b).
ig. 7. Temperature dependence of total conductivity, grain conductivity, and grain
oundary conductivity of the LATP plate immersed in 1 M LiNO3 for 3 weeks.

0 ◦C. The cell resistance of Li–Al/LiPON/LATP/aqueous 1 M LiCl/Pt
s estimated 3100 �, which is almost half the resistance of 8000 �
or Li–Al/LiPON/LATP/LiPON/Li–Al. The major component of the cell
esistance of the latter symmetrical cell comes from the interface
esistance between Li–Al/LiPON [10]. Therefore, it is suggested here
hat the interfacial resistance of the LATP plate and the aqueous
iCl solution may be quite low. Hence, the lithium ion transport
etween the LATP solid electrolyte and the liquid electrolyte is fast
nough. Fig. 9 shows the time dependence of the impedance pro-
les of the Li–Al/LiPON/LATP/aqueous 1 M LiCl/Pt at 25 ◦C. The cell
esistance slightly increased from 8300 to 10,000 � after 3 days and
hen decreased to 7200 � after 7 days. The reason for this resistance
hange is not clear, but the impedance profiles after 1 week storage
re almost the same as that of the initial cell. This means that the
i–Al/LiPON/LATP is stable even in water, and that the water does
ot penetrate through the LATP plate.

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

Li + (1/2)O2 + H2O = 2LiOH

s 3.8 V. Thus, the observed OCV is slightly lower than the calculated
ne. The low OCV may be due to the effect of a small amount of Al

n the Li electrode, and/or the low oxygen partial pressure on the
t electrode. The initial cell resistance was estimated to be 8000 �
rom the current and cell voltage curve, which is comparable to
he total cell resistance observed by ac impedance profiles. The
ecrease of the cell voltage may be due to polarization between the

Fig. 9. Impedance spectra change with time of Li–Al/LiPON/LATP/1 M LiCl/Pt at
25 ◦C.
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ig. 10. Constant current (30 �A cm−2) discharge performance of Li–Al/LiPON/
ATP/1 M LiCl/Pt at 25 ◦C.

i metal anode and LiPON. From a practical applications standpoint
or the lithium/air batteries, the interfacial resistance between the
ithium metal and LiPON should be reduced, which is subject of

ork currently underway.

. Conclusions

The water stability of the NASICON-type lithium ion conduct-
ng solid, Li1+x+yAlxTi2−xP3−ySiyO12 (LATP), for the electrolyte in the
ithium/air battery was examined in various types of aqueous solu-
ion. The LATP plate was stable in aqueous 1 M LiNO3 and aqueous
M LiCl. The LATP immersed in aqueous HCl and LiOH showed a

igh resistance. The LATP plate immersed in aqueous 1 M LiOH
ecomposed, and LiPO4 appeared as a result. In distilled water con-
aining no electrolyte salt, the electrical conductivity of the LATP
late slightly increased with immersion period, and the impedance
rofile suggested that a new phase occurred at the grain boundary.

[
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he Li–Al/LiPON/LATP/aqueous 1 M LiCl/Pt cell showed a stable OCV
f 3.6 V at 25 ◦C for 1 week. The interfacial resistance between the
ATP solid electrolyte and the aqueous LiCl solution was low. To
btain a high performance lithium/air battery, the interfacial resis-
ance between the lithium electrode and the LiPON layer should be
educed.
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