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Abstract

Li; sAly sTi; 5(PO4); (LATP) has received much attention as a solid electrolyte for lithium ion batteries due to its high Li ion
conductivity. In this study, the LATP is prepared by a sol-gel process using water-soluble AI(NO3); and water-insoluble Al(C3H,0); as
Al sources to examine the influence of the Al source on the properties of the produced LATP. The LATP is successfully produced in
both cases; however, a small amount of AIPO, impurity is formed in the AI(NOs); sample due to insufficient mixing of the water-
insoluble Ti(C3H,0), with the water-soluble AI(NOs);. In contrast, the AIPO,4 formation is not observed in the Al(C;H,0); sample. The
Li ion conductivity of the AI(C3H,0); sample is higher than that of the AI(NO3); sample, implying that the AIPO,4 impurity acts as a
resistance layer. The performance of LATP prepared by the sol-gel method is strongly affected by the Al sources, and the water-
insoluble Al source is suitable for water-insoluble Ti(C3H,0),, which has been the most widely used Ti source to date.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Rechargeable batteries have played a key role in our
present information-rich world [1]. Many types of
rechargeable batteries have been developed thus far.
Among them, the rechargeable Li ion battery has been
recognized as the most suitable battery for mobile infor-
mation devices due to its high energy and power densities.

A source of the high powder density of the Li ion battery
is its high operation voltage as the power density is the
product of the operation voltage by the electric current
density. However, under the high operation voltages of Li
ion batteries (~3.8 V), water, which is used as an electro-
Iyte in most batteries, is decomposed into hydrogen and
oxygen. Thus, flammable organic electrolytes, which can
tolerate such high voltages, must be used instead, to avoid
inherent safety issues, such as explosion.

To solve this safety problem, inflammable ceramic
electrolytes have been studied [2—10]. Batteries with ceramic
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electrolytes, called all-solid-state batteries, can completely
eliminate the flammable components in the battery and has
been considered the ultimate safe battery. The Li; sAlg s.
Ti; 5(PO4); (LATP) solid electrolyte is a Li-ion-conductive
ceramic with Na super ion conductor (NASICON) struc-
ture. Its Li ion conductivity was reported as ~107°> Scm ™!
[11], which is very close to that of the organic electrolyte
currently used in the rechargeable Li ion battery. Therefore,
LATP has received much attention for its all-solid-state
battery applications [12].

The LATP has been prepared using melt-quenching and
solid solution methods [13,14]. However, these methods
require high-temperature processing at over 1200 °C. To
conserve energy, a low-temperature preparation process
has been strongly called for. A sol-gel method allows us to
prepare inorganic materials at low temperatures [15]. Some
groups have succeeded in preparing LATP by the sol-gel
method. However, systematic research with respect to the
preparation of LATP using sol-gel processes has not yet
been reported. For example, Takada et al. used LiOC,Hs,
Ti(OCsH5)4, and PO(OC,Hs);_, to prepare LATP [16].
However, Xu et al. reported the electrochemical properties
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of LATP prepared from Ti(OC4Hy)4, LiNO3, AI(NO3)3,
and NH4H,PO,4 [17]. All of these previous studies have
been performed using different starting materials and
preparation conditions. Therefore, a study on the influence
of the starting material for LATP preparation on the
nature of the final product would be quite helpful.

In this paper, the effect of Al source on the properties of
the LATP solid electrolyte prepared by the sol-gel method
was studied. Water-soluble AI(NOs3); and water-insoluble
Al(C3H,0); were used as Al sources for LATP prepara-
tion, and the final products were characterized.

2. Experimental

The LATP solid electrolyte was prepared by the sol-gel
method [12,18]. A precursor sol for LATP was prepared by
mixing CH3COOL1, AI(C3H7O)3, Ti(C3H7O)4, H3PO4, iS0-
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Fig. 1. XRD patterns of powders prepared by the sol-gel method using
various Al sources after heating at 450 °C for 4 h.

propanol, CH3;COOH, and H,O in a molar ratio of
3:1:3:6:100:50:700. In another batch, water-soluble AI(NOs);
was used instead of water-insoluble Al(C;H-0O); to investi-
gate the influence of Al source on the final product. All
reagents were purchased from Wako Chemical Co. Ltd,
Japan and used without further purification. The precursor
sol was dried at 100 °C for gelation, and the obtained gel was
heated at 450 °C for 4 h in air. The powder was milled by a
planetary ball mill (Pulver Risette 7, Fritsch) at 400 rpm for
1 h and then pressed into pellet form with 20 mm diameter.
The pellet was calcined at 1000 °C for 6 h.

The crystalline phases of the heated powder and calcined
pellet were identified with X-ray diffraction (XRD, Rigaku
Ultima-IV) using Cu-Ka radiation. Scanning electron
microscopy (SEM, JEOL, JSM-6300LA) was used to
observe the morphology of the powder and the pellet
cross-section.

The Li ion conductivity was measured by the AC
impedance method. Prior to measurement, Au was sput-
tered onto both sides of the pellet to ensure electrical
contact. The AC impedance data were collected at + 5 mV
voltage signal in a frequency range of 4-1 MHz using a
chemical impedance meter (HIOKI Chemical Impedance
Meter 3532-80). The measurement was performed at
30-200 °C to clarify the temperature dependency of Li
ion conductivity.

3. Results

3.1. Characterization of LATP prepared by the sol-gel
method using various Al sources

Fig. 1 showed the XRD patterns of powder prepared by
the sol-gel method after heating at 450 °C for 4 h. No clear

Fig. 2. SEM images of powders prepared by the sol-gel method using various Al sources after heating at 450 °C for 4 h before and after ball-milling.
(a) AI(C3H;0)3, (b) AI(NO3)3, (c) Al(C3H;0); after ball-milling and (d) AI(NO;); after ball-milling.
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diffraction peak was observed in all patterns, implying that
the powder after calcination at 450 °C was primarily
amorphous. In the Al(C3;H,0); sample, small diffraction
peaks appeared at 20=20-30°; these peaks were not
observed in the AI(NOj); sample, but a peak was found
at 20=28.5°. SEM images of the powder prepared from
Al(C3H,0)3; and AI(NOs3); are displayed in Fig. 2a and b,
respectively. Notably, both powders have completely
different morphologies. The powder prepared from
AI(NOs3); was spherical with a particle size of approxi-
mately 1-2 um, whereas the particle size was much larger
and the shape was irregular in the Al(Cs3H,0); sample.
Both powders were milled by the planetary ball mill
equipment (Fig. 2c and d) and crushed to a diameter of
~100 nm. The morphology difference confirmed before
the milling was not observed.

The milled powder was supplied to form the pellet,
which was then calcined at 1000 °C for 6 h. The XRD
patterns of the calcined pellet were depicted in Fig. 3.
In Al(C5H,0); (Fig. 3a), all diffraction peaks are attrib-
uted to LiTiy(POy); (PDF 35-0754) with a NASICON-type
structure, indicating that the LATP solid electrolyte was
successfully prepared by our sol—gel process. In the case of
AI(NOs)3, a small peak originating from AIPO, (PDF 00-
0114) was observed in the main peaks of the LATP. Cross-
sectional SEM images of the LATP pellet prepared by the
sol-gel method using different Al sources are presented in
Fig. 4. The pellets were sintered well, regardless of Al
source at a calcination temperature of 1000 °C. Many
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Fig. 3. XRD patterns of sintered LATP pellets prepared by the sol-gel
method using (a) Al(C3H50); and (b) AI(NOs); as Al sources.

crystal grains were observed, and the grains were in good
contact with each other. No morphology differences were
found in the cross-sections.

3.2. Electrochemical property of the LATP prepared from
different Al sources through the sol-gel process

Complex impedance plots of LATP pellets using Au
blocking electrodes are depicted in Fig. 5. A semicircle and
a tail were observed in both samples in the high- and low-
frequency ranges, respectively. This characteristic profile of
the impedance plot appears often in ceramics with ion-
conductive nature [19,20]. The tail can be attributed to
Warburg-type impedance, which originates from the diffu-
sion of Li ions in the blocking electrode. The intercepts of
the semicircle at the high- and low-frequency sides were
ascribed to inner crystal and total (inner crystal and grain
boundary) impedances, respectively [22]. The bulk (inner
crystal) and total Li ion conductivities of Al(C3;H,0);
sample were estimated to 3.1x 1072 and 4.5x107*S
ecm ™!, respectively. These values are comparable to pre-
viously reported values [22,23]. In contrast, the bulk and
total conductivities of AI(NO;); sample were 1.2 x 103
and 7.1 x 107> Scm ™", respectively. The AC impedance
measurement was performed under various temperatures
to depict the Arrhenius plot (Fig. 6). In both samples, the
semicircle became smaller with increasing temperature and
finally disappeared, implying that the bulk conductivity
increased with temperature. Therefore, the bulk conduc-
tivity could not be estimated above 100 °C and 170 °C in
the Al(C3H,0); and AI(NOs3); samples, respectively. The
plot was well fit by the Arrhenius equation, and the fitting
accuracies (R factor) in all plots were greater than 0.99.
The bulk and total activation energies were 0.13 and
0.28 eV, respectively, in the Al(C3H,0); samples and were
0.19 and 0.35 eV in the AI(NO3); samples, respectively.

4. Discussion

This study was performed to clarify the influence of the
Al source on properties of LATP prepared by a sol-gel
method. Water-soluble AI(NO;); and water-insoluble
Al(C3H,0); were chosen as Al sources, and the properties
of the resulting LATP samples were compared.

Fig. 4. Cross-sectional SEM images of sintered LATP pellets prepared by the sol-gel method using (a) AI(C3H,0); and (b) AI(NO;); as Al sources.



4648
(000 —————+—
0
750 | 4
- O
E
S 500 O -
(- O
.- |
250 |- ? .
0 N 1 i 1 " 1 i
0 250 500 750 1000
Qecm?

M. Kotobuki, M. Koishi /| Ceramics International 39 (2013) 4645-4649

b 4000 — —

-3000 | o-
NE O 4
o -2000 - o
e O

-1000 | |

0 i 1 1 1 n 1 i
0 1000 2000 3000 4000

Qecm?

Fig. 5. Complex impedance plots of the LATP pellet prepared by the sol-gel method using (a) AI(C3H;0); and (b) AI(NOs); as Al sources.
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Fig. 6. Arrhenius plots of sintered pellets from (a) Al(C3H;O); and
(b) AI(NO3);.

The XRD pattern of the sintered pellet clearly indicated
that the pellet from AI(NO;3); contained AIPO, with
LATP, whereas all diffraction peaks could be attributed
to LATP in the pellet prepared from Al(C3H,O);. This
difference is ascribed to the solubility of the Al source.
Water-insoluble Ti(C3H,0)4 was used as a Ti source in this
study. Accordingly, the Ti source was resolved into the
alcohol phase (iso-propanol in this study). Similarly, the
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Fig. 7. Schematic illustration of Li ion conduction in ceramics.

water-insoluble Al(C5;H-,0); was also resolved into the
alcohol phase. The Ti and Al sources mixed well in the
alcohol phase. In contrast, the water-soluble AI(NO3); was
resolved into the water phase; thus, Al in water and Ti in
alcohol mixed poorly. Therefore, AIPO4 may have been
formed due to insufficient mixing of Ti with the Al source.
In the case of Al(C3;H,0)s, both Al and Ti sources were in
the alcohol phase and mixed well, suppressing any AIPO4
formation, which is the Ti-lacking phase of LATP.

The Li ion conductivity of the pellet prepared by
Al(C3H,0); was considerably higher than that prepared
by AI(NO3);. This behavior is thought to be due to AIPOy4
formation. AIPO, does not have a Li ion conductive
nature; thus, AIPO4 would act as a resistance layer in the
LATP solid electrolyte. Comparing the conductivities of
both pellets, the bulk conductivities were of same order,
although a large difference was confirmed in the total
conductivities among them (4.5x 10~* and 7.1 x107°S
cm ! for Al(C3H;0); and AI(NO3); samples, respectively).
The total conductivity consists of two components, the
bulk and grain boundary conductivities (Fig. 7) [21]. When
the bulk conductivity is high and the grain boundary
conductivity is low, the Li ion can migrate very fast in
the bulk, but very slow at grain boundary. In this case, the
total conductivity is lower than the bulk one, because the
grain boundary conductivity dominates the total conduc-
tivity. Therefore, the large difference in the total conduc-
tivity between them was ascribed to the grain boundary
conductivity. We hypothesize that the AIPO,4, which was
formed by insufficient mixing of the Ti and Al sources,
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would contribute to lower grain boundary conductivity by
its presence near the grain boundary.

In conclusion, the Al source strongly affects the Li ion
conductivity of the produced LATP. The insufficient
mixing of the Ti source with the Al source causes the
formation of AIPO, impurity phase, resulting in low
conductivity. Water-insoluble Al sources should be used
for water-insoluble Ti(C3H,O)4, which is currently the
most widely used Ti source.

5. Conclusion

The electrochemical properties of LATP that were prepared
by the sol-gel method using water-soluble AI(NO;); and
water-insoluble Al(C3H,0); as Al sources were compared.
The LATP prepared from AI(NO;); contained an AIPO,
impurity phase because of insufficient mixing of the water-
insoluble Ti(C3H-0)4 source with the water-soluble Al source.
In contrast, in the system of water-insoluble Ti(CsH-0), and
Al(C3H,0); sources, the formation of AIPO; was not
observed, implying that Ti(C3H,0), and Al(C3H,O); were
mixed well in the alcohol phase. The Li ion conductivity of the
LATP prepared from Al(C3H-O); was higher than that from
AI(NQO3); because the AIPO, impurity phase would act as a
resistance layer. The performance of LATP prepared by the
sol-gel method is strongly affected by the Al source. Water-
insoluble Al sources are suitable for water-insoluble
Ti(C53H,0),4, which is currently the most widely used Ti source.
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