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a b s t r a c t

The stability of a NASICON-type lithium ion conducting solid electrolyte, Li1+x+yTi2−xAlxP3−ySiyO12 (LTAP),
in acetic acid and formic acid solutions was examined. XRD patterns of the LTAP powders immersed in
100% acetic acid and formic acid at 50 ◦C for 4 months showed no change as compared to the pristine
LTAP. However, the electrical conductivity of LTAP drastically decreased. On the other hand, no signif-
icant electrical conductivity change of LTAP immersed in lithium formate saturated formic acid–water
eywords:
etal air battery
ASICON
lass ceramics
cetic acid

solution was observed, and the electrical conductivity of LTAP immersed in lithium acetate saturated
acetic acid–water increased. Cyclic voltammogram tests suggested that acetic acid was stable up to a
high potential, but formic acid decomposed under the decomposition potential of water. The acetic acid
solution was considered to be a candidate for the active material in the air electrode of lithium–air
rechargeable batteries. The cell reaction was considered as 2Li + 2 CH3COOH + 1/2O2 = 2CH3COOLi + H2O.

lithi −1

ed op

The energy density of this
CH3COOH, and an observ

. Introduction

To improve the energy conversion efficiency for vehicles and to
educe the production of CO2, electric vehicles (EV) have been con-
idered as the best candidates for many years. However, only a few
Vs for general use have been demonstrated, because acceptable
atteries have not yet been developed. The most important item
or the EV battery is to improve the energy density. At present,
he energy density of the battery is less than 200 Wh kg−1 [1]. The
nergy density is far from that of the internal combustion engine, so
he driving range of the EV is too short compared to vehicles with
conventional internal combustion engine. We need to develop
battery with an energy density as high as 700 Wh kg−1 to be

omparable to the conventional internal combustion engine. This
nergy density is the final target of the New Energy and Industrial
echnology Development Organization (NEDO), Japan, project for
atteries in next-generation vehicles. Such a high energy density
attery could be achieved only in a few electrochemical systems. Of

hese, the lithium–air battery is the most attractive, because it has
he highest energy density of all galvanic cells. The first challenge
or the rechargeable lithium–air battery was reported by Abraham
nd Jiang in 1996 [2]. They were studying the reversible reaction in

∗ Corresponding author. Tel.: +81 59 231 9420; fax: +81 59 231 9478.
E-mail address: imanishi@chem.mie-u.ac.jp (N. Imanishi).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.023
um–air system is calculated to be 1477 Wh kg from the weights of Li and
en-circuit voltage of 3.69 V.

© 2009 Elsevier B.V. All rights reserved.

the cell with a gel-type polymer electrolyte and a carbon electrode
with cobalt phthalocyanine as the catalyst. A reversible capacity
of 630 mAh per gram of carbon was observed. Recently, Bruce et
al. reported an attractive result for a cell with a non-aqueous elec-
trolyte and a nano carbon particle with a MnO2 catalyst. A high
reversible capacity of 600 mAh per gram of carbon was achieved
after 50 cycles [3]. These attractive results were obtained under
pure oxygen. However, the active life is limited by the diffusion of
water and oxygen from air through the electrolyte to the lithium
metal anode. The electrochemical performance of the lithium–air
cell was drastically reduced when the cell was cycled in air even
though a hydrophobic membrane was used to prevent the mois-
ture in the air [4]. Thus, protection of the lithium metal anode
from water is the most critical point for the long life stability of
the lithium–air batteries as pointed out by Armand and Tarascon
[1].

In our previous paper [5,6], we proposed a water-stable lithium
metal anode which was covered by a water-stable lithium conduct-
ing solid electrolyte, Li1.35Ti1.75Al0.25Si0.1P0.9O12 (LTAP), and found
that a Li/polymer electrolyte/LTAP/aqueous LiCl/Pt, air cell showed
excellent electrochemical performance. However, we observed

that the water-stable solid electrolyte is unstable in strong basic
and acidic solutions [7]. XRD patterns of the LTAP immersed in 1 M
aqueous LiOH solution for 3 weeks at room temperature showed
a decomposition product of Li3PO4, and the electrical conductivity
drastically decreased. The cell reaction of the lithium–air battery

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.2009.11.023
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Fig. 1. XRD patterns of the LTAP powders immersed in HAc–H2O–LiAc at 50 ◦C for

boundary resistance in the sintered LTAP tablets. As reported in
previous papers [7,9], the grain boundary resistance dominated in
the sintered LTAP plate and the electrical conductivity decrease
of LTAP immersed in pure water diminished by the addition of
188 Y. Shimonishi et al. / Journal of P

ith aqueous electrolyte solution is as follows:

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

OH− ions are produced by the discharging process, and the con-
entration of OH− in the solution increases with the discharge
epth. This type of water-stable lithium electrode, therefore, is not
cceptable for the system with the cell reaction (1). We need to
earch for a new lithium–air system. Weak acids such as acetic acid
HAc) and formic acid (HFc), are the candidates for this new system.
he cell reaction of the system with acetic acid is,

Li + 1/2O2 + 2CH3COOH = 2CH3COOLi + H2O (2)

here the reaction products are lithium acetate (LiAc) and water,
nd the pH in the solution is relatively constant.

In this study, the stability of LTAP in the acetic acid and
ormic acid solutions has been examined and the possibility of a
ithium–air system with a weak acid solution has been discussed.

. Experimental

The water-stable NASICON-type lithium conducting solid elec-
rolyte, Li1+x+yTi2−xAlxSiyP3−yO12 (LTAP) powder and plates were
upplied by OHARA Inc., Japan. The preparation method of LTAP
as been described in the literature [8].

The composite lithium anode was made by stacking three lay-
rs of lithium sheet, polymer electrolyte sheet, and LTAP plate. The
olymer electrolyte used was polyethylene oxide (Mv = 600,000)
oped with lithium bis(trifluoromethane sulfone)imide (LiTFSI) to
ake a composition Li/O = 1/18. The thickness of the sheet was

bout 200 �m. It was dried under vacuum at 110 ◦C for 12 h before
et in the anode.

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

The stability tests in the solution were carried out for the sin-
ered LTAP tablet and powder. The LTAP powder (particle size of
–10 �m) and the sintered LTAP tablet (about 0.2 cm in thick-
ess) were immersed in an acid solution at 50 ◦C for at least 3
eeks. The sintered tablets were prepared by isostatically press-

ng the LTAP powder at 150 MPa and annealing in a temperature
ange 800–1000 ◦C for 12 h at air. The XRD patterns of the samples
ere compared before and after immersion in the solution. The

lectrical conductivity of the sintered LTAP tablets with sputtered
old electrodes was measured using a Solatron 1260 frequency
esponse analyzer in the frequency range 0.01 Hz–1 MHz. Z plot
oftware was employed for data analysis. The ac conductivities of
he CH3COOH (HAc)–H2O–saturated CH3COOLi (LiAc) and HCOOH
HFc)–H2O–saturated LiCOOH (LiFc) solutions were measured as
function of the H2O content in the solution using platinum with
latinum black electrodes at room temperature. The contents of the

ithium ion in HAc–H2O–saturated LiAc and HFc–H2O–saturated
iFc solutions were determined using a Shimazu ICPS 1000. The
yclic voltammograms were measured using a Hokuto HSV 100
utomatic polarization system under atmosphere. A platinum elec-
rode with platinum black was used as the working and counter
lectrodes.

. Results and discussion

According to our previous study [7], LTAP is unstable in strong

cids. The LTAP immersed in 0.1 M HCl aqueous solution for 3 weeks
t room temperature showed no extra XRD peak, but a conductivity
ecrease of about one order of magnitude was observed. The sam-
le immersed in aqueous 5 M HCl solution for 1 week at 50 ◦C shows
completely different XRD pattern. Fig. 1 shows the XRD results of
3 weeks. (A) Pristine LTAP, (B) immersed in HAc, (C) immersed in HAc (95 v/o)–H2O
(5 v/o)–LiAc (saturated), (D) immersed in HAc (90 v/o)–H2O (10 v/o)–LiAc (sat-
urated), (E) immersed in HAc (85 v/o)–H2O (15 v/o)–LiAc (saturated), and (F)
immersed in HAc (80 v/o)–H2O (20 v/o)–LiAc (saturated).

LTAP immersed in the HAc–H2O–saturated LiAc solutions with var-
ious concentrations of HAc for 3 weeks at 50 ◦C. As shown in this
figure, no changes in the XRD patterns were observed. The XRD
patterns of the LTAP powder immersed in the HFc–H2O–saturated
LiFc solution are shown in Fig. 2. The pH of HFc (90 v/o)–H2O
(10 v/o)–LiFc (saturated) was 1.76, which is slightly lower than that
of HAc (90 v/o)–H2O (10 v/o)–LiAc (saturated), 3.34. No significant
change of the XRD patterns was observed for the LTAP powders
immersed in HFc–H2O–LiFc for 3 weeks at 50 ◦C. Thus, XRD data
confirms that the LTAP powder is very stable in the HAc–H2O–LiAc
and HFc–H2O–LiFc solutions.

The LTAP glass ceramics was prepared by crystallizing the NASI-
CON phase in the glass matrix. It has a structure that crystalline
LTAP particles form a main part and a glass component fills the
interspaces. The glass region at the grain boundary can realize fast
ionic transfer between grains. The electrical conductivity of the
glass ceramics was observed to be as high as 1 × 10−3 S cm−1 at
room temperature in the samples quenched from the melt phase
and crystallized at 950 ◦C [8]. The sintered samples from the glass
ceramic powder showed a high grain boundary resistance [5].
According to the XRD study, LTAP was stable in the weak acid solu-
tions such as acetic acid and formic acid. However, the change of
the glassy phase in LTAP cannot be detected by the XRD study. The
impedance spectra are useful in detecting the change in the grain
Fig. 2. XRD patterns of the LTAP powders immersed in HFc–H2O–LiFc at 50 ◦C for
3 weeks. (A) Pristine LTAP, (B) immersed in HFc, (C) immersed in HFc (95 v/o)–H2O
(5 v/o)–LiFc (saturated), (D) immersed in HFc (90 v/o)–H2O (10 v/o)–LiFc (saturated),
(E) immersed in HFc (85 v/o)–H2O (15 v/o)–LiFc (saturated), and (F) immersed in HFc
(80 v/o)–H2O (20 v/o)–LiFc (saturated).
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ig. 3. Typical impedance spectra at room temperature of the pristine sintered LTAP
ablet (�) and the sintered LTAP tablet immersed in HAc (90 v/o)–H2O (10 v/o)–LiAc
saturated) (�) at 50 ◦C for 3 weeks.

iNO3 in the water. The electrical conductivity of the LTAP plate
mmersed in pure HAc for 4 months at 50 ◦C drastically decreased
rom 1.6 × 10−4 S cm−1 to 4.8 × 10−7 S cm−1 at room temperature.
he LTAP powder immersed in 100% HAc and HFc solutions for
months at 50 ◦C also showed no significant change in the XRD

atterns, but a few extra trace peaks were observed. The low con-
uctivity of the LTAP immersed in HAc could be explained by the
igh grain boundary resistance observed in the impedance spec-
ra. The impedance profiles of the LTAP tablet immersed in HAc
90 v/o)–H2O (10 v/o)–LiAc (saturated) for 3 weeks at 50 ◦C are
hown in Fig. 3, along with that of the pristine LTAP. The pressed
TAP tablets were sintered at 1000 ◦C for 12 h and the XRD pat-
erns of the sintered tablet were exactly the same as that of the
ristine LTAP powder shown in Fig. 1. The impedance spectrum of
he pristine LTAP shows a semicircle and the semicircle decreased
y immersing the LTAP in the acetic acid solution. The semicir-
le is attributed to the grain boundary resistance of the LTAP. The
ntercept of the semicircle on the real axis at high frequency repre-
ents the bulk resistance of the LTAP [10]. The bulk resistance and
he grain boundary resistance of the pristine LTAP were estimated
o be 290 � cm2 and 1460 � cm2. These resistances correspond to
.2 × 10−4 S cm−1 and 1.8 × 10−4 S cm−1, respectively, and the total
lectrical conductivity of 1.5 × 10−4 S cm−1 is comparable to those
eported previously for Li1.3Ti1.7Al0.3P3O12 prepared by a solid state
eaction [11] and a sol–gel method [12]. The LTAP immersed in

Ac (90 v/o)–H2O (10 v/o)–LiAc (saturated) shows a small semi-
ircle, and the bulk resistance and the grain boundary resistance
ere estimated to be 153 � cm2 and 417 � cm2, respectively. The

rain boundary resistance was reduced a lot, while the bulk resis-
ance was reduced only slightly, compared to the pristine LTAP.

able 1
lectrical conductivity data for the sintered LTAP tablet immersed in HAc (90 v/o)–H2O (
eeks.

Sintered temperature (◦C) Solution

800 HAc–H2O–LiAc
900 HAc–H2O–LiAc

1000 HAc–H2O–LiAc
1000 HFc–H2O–LiFc
Fig. 4. Temperature dependence of total electrical conductivity, grain boundary
conductivity, and bulk conductivity of the sintered pristine LTAP tablet.

The total conductivity is as high as 4.7 × 10−4 S cm−1 at 25 ◦C. The
enhancement of the electrical conductivity by immersing LTAP in
the acetic acid solution could be explained by reducing the grain
boundary resistance. This means that a high resistance grain bound-
ary phase may be removed by immersing in the acetic acid solution,
but the details are not yet clear. We can conclude that LTAP is stable
in HAc (90 v/o)–H2O (10 v/o)–LiAc (saturated). The electrical con-
ductivity of the sintered samples is dependent upon the sintered
temperature. The maximum conductivity was found for the sample
sintered at 1000 ◦C for 12 h. The LTAP sintered at 1100 ◦C showed
very low conductivity and a second phase was observed in the XRD
patterns. The electrical conductivity of the LTAP tablet immersed
in HFc (90 v/o)–H2O (10 v/o)–LiFc (saturated) for 3 weeks at 50 ◦C
showed no significant change compared to that of the pristine LTAP
tablet. Table 1 shows the electrical conductivity data for the LTAP
tablets sintered at various temperatures for 12 h before and after
immersion in HAc (90 v/o)–H2O (10 v/o)–LiAc (saturated) and HFc
(90 v/o)–H2O (10 v/o)–LiFc (saturated). All samples immersed in
the acetic acid solution exhibit the conductivity enhancement. A
study of more detailed mechanism for the conductivity enhance-
ment and depression is now under way.

The temperature dependence of the total electrical conductivity
(�t), bulk conductivity (�b) and the grain boundary conductivity
(�g) of the pristine sintered LTAP tablet is shown in Fig. 4, and
that of the sintered LTAP tablet immersed in HAc (90 v/o)–H2O
(10 v/o)–LiAc (saturated) for 3 weeks at 50 ◦C in Fig. 5. The acti-
vation energies for the bulk conduction and the grain boundary
conduction for the pristine LTAP were calculated from the slope of
log � vs. the inverse of absolute temperature curve to be 10 kJ mol−1

and 39 kJ mol−1, respectively. The activation energy for the grain
boundary conductivity is comparable with those for previously
reported total conductivity of LTAP [11]. The low activation energy
for the bulk conductivity of LTAP could be explained by the

three dimensional Li ion transport in the NASICON-type struc-
ture [13]. On the other hand, the activation energy for the grain
boundary conductivity of the LTAP immersed in HAc (90 v/o)–H2O
(10 v/o)–LiAc (saturated) for 3 weeks at 50 ◦C is calculated to be
60 kJ mol−1 in the low temperature range and 134 kJ mol−1 in the

10 v/o)–saturated LiAc and HFc (90 v/o)–H2O (10 v/o)–saturated LiFc at 50 ◦C for 3

Electrical conductivity at room temperature (S cm−1)

Before immersion After immersion

3.43 × 10−5 1.50 × 10−4

5.46 × 10−5 2.52 × 10−4

1.48 × 10−4 4.77 × 10−4

1.48 × 10−4 1.40 × 10−4



6190 Y. Shimonishi et al. / Journal of Power Sources 195 (2010) 6187–6191

F
c
(

h
t
t
w
t

t
t
b
l
a
c
(
(
t
O
i
r
h
(
e
c
r
e
e
o
a
l
t
t

F
L
a

ig. 5. Temperature dependence of total electrical conductivity, grain boundary
onductivity, and bulk conductivity of the sintered LTAP tablet immersed in HAc
90 v/o)–H2O (10 v/o)–LiAc (saturated) at 50 ◦C for 3 weeks.

igh temperature range. The high activation energy in the high
emperature range for the LTAP immersed in acetic acid suggest
wo types of grain boundary phase in the sintered tablet. A phase
ith a high resistance at the grain boundary may be removed in

he acetic acid solution.
The sintered LTAP tablets are stable in formic acid solu-

ion and show no conductivity change by being immersed in
he solution at 50 ◦C for 3 weeks. The electrochemical sta-
ility of these solutions is important for the rechargeable

ithium–air cell. Especially, the oxidation potentials of CH3COO−

nd HCOO− should be higher than that of OH−. Fig. 6 shows the
yclic voltammograms for Pt-black/HAc (90 v/o)–H2O (10 v/o)–LiAc
saturated)/Pt-black and Pt-black/HFc (95 v/o)–H2O (5 v/o)–LiFc
saturated)/Pt-black at room temperature. The formic acid solu-
ion decomposes electrochemically at a low potential below the
H− decomposition potential. Therefore, formic acid solution

s not acceptable for active materials on the air electrode in
echargeable Li–air batteries. The acetic acid solution is acceptable,
owever, for Li–air batteries. The Li/polymer electrolyte/LTAP/HFc
95 v/o)–H2O (5 v/o)–saturated LiFc/Pt, air cell and the Li/polymer
lectrolyte/LTAP/HAc (90 v/o)–H2O (10 v/o)–saturated LiAc/Pt, air
ell showed open-circuit voltages (OCV) of 3.0 V, and 3.69 V,
espectively, which are compared to 3.8 V in the Li/polymer
lectrolyte/LTAP/aqueous 1 M LiCl/Pt, air cell [14]. The polymer
lectrolyte of PEO18Li(CF3SO2)2N was used to protect the reaction
f lithium metal and the LTAP [6]. The cell reaction for the cell with

cetic acid solution could be explained by reaction (2). The calcu-
ated OCV from the above reaction is 4.07 V at 25 ◦C, assuming that
he activity of Li+ in the PEO electrolyte is unity, and oxygen par-
ial pressure on the Pt electrode is 0.2 atm. The low OCV in the cell

ig. 6. Cyclic voltammograms of Pt-black/HAc (90 v/o)–H2O (10 v/o)–saturated
iAc/Pt-black (A) and Pt-black/HFc (95 v/o)–H2O (5 v/o)–saturated LiFc/Pt-black (B)
t room temperature.
Fig. 7. Electrical conductivity of HAc–H2O–saturated LiAc and the content of Li+ ion
as a function of the content of H2O at room temperature.

with aqueous LiCl and acetic acid solution could be explained by a
low lithium ion activity in the PEO electrolyte, a low oxygen partial
pressure on the Pt electrode, and the junction potentials between
the PEO electrolyte and LTAP, and between LTAP and the liquid
electrolyte. The low OCV for Li/air cell with formic acid could be
explained by the electrochemical reaction of formic acid.

For the practical application of the acetic acid solution for Li/air
batteries, the conductivity of this solution should be high. The elec-
trical conductivities of the HAc–H2O–LiAc (saturated) system at
room temperature are shown as a function of content of HAc in
Fig. 7. The solubility of LiAc into HAc–H2O is shown in this fig-
ure. The electrical conductivity of HAc–H2O–LiAc (saturated) is
about 2 × 10−3 S cm−1 and increases slightly with decreasing HAc
content. The conductivity is slightly lower than that of the con-
ventional electrolyte for lithium ion batteries, but it is acceptable
for the practical applications in batteries. The solubility of LiAc in
HAc–H2O increases with decreasing HAc content. The solubility of
LiAc in HAc (90 v/o)–H2O (10 v/o) is 23 g per 100 ml of solution at
room temperature. The solubility limit may affect the cell perfor-
mance and thus we are currently studying the phase diagram of
HAc–H2O–LiAc.

4. Conclusion

The stability of the water-stable NASICON-type lithium ion
conducting solid glass ceramics, LTAP, in acetic acid and formic
acid solutions was examined. XRD patterns of the LTAP pow-

◦
der immersed in both solutions at 50 C for 3 weeks showed
no change. The electrical conductivity of the sintered samples
immersed in HAc (90 v/o)–H2O (10 v/o)–LiAc (saturated) at 50 ◦C for
3 weeks was enhanced. No conductivity change was observed for
the sintered samples immersed in HFc (90 v/o)–H2O (10 v/o)–LiFc



ower

(
a
f
t
m
T
i
i
a
e
a
g
L

A

p
c

t
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saturated) at 50 ◦C for 3 weeks. The cyclic voltammogram of the
cetic acid solution showed no decomposition of CH3COO−, but
ormic acid was electrochemically decomposed at a low poten-
ial. That is, the formic acid solution cannot be used as an active

aterial in the air electrode for a rechargeable lithium–air cell.
he acetic acid is an excellent candidate for the active material
n an air electrode, because the water-stable lithium ion conduct-
ng solid electrolyte is stable in acetic acid solution, and acetic
cid is electrochemically stable at a high potential. The calculated
nergy density from 2Li + 2CH3COOH + 1/2O2 = 2CH3COOLi + H2O is
s high as 1477 Wh kg−1. This high calculated energy density sug-
ests the possibility of developing a battery with 600 Wh kg−1 in a
i/LTAP/aqueous acetic acid/air system.
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