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Abstract

Nano-sized particles of a lithium ion conductive solid electrolyte, J(HDy,)3, were prepared by laser ablation. The obtained particles were
ca. 10 nm in diameter. X-ray powder diffraction and Raman spectroscopy showed that they were amorphous with local structure similar to
the crystalline counterpart. They were crystallized by the heating at caG630
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of the solid electrolyte. Furthermore, there are many poresin

such a composite electrode, which lower the energy density
Solid electrolytes are attracting a great interest becauseas well as the ionic conductivity in the electrode.

they are fundamental solution to the safety issue of lithium  Very fine particles of solid electrolytes will be effective to

batteries. In addition to the safety, ion selectivity of inorganic solve the above problems. They will fill the pores and enlarge

solid electrolytes effectively suppresses side reactions, whichthe contacting area. Inthe recentyears, laser ablation has been

often take place in liquid systems, resulting in high reliabil- available for the preparation of various kinds of nano-scaled

ity including long cycle life and long shelf life. However, ceramic powderf]. Such very fine particles can be formed

solid-state lithium batteries with inorganic solid electrolytes under low vacuum, e.g. near the ambient pressure, with well-

have been generally lower in energy density and current draincontrolled composition. The former feature is preferred for

than liquid systems. We have already succeeded in makinga large scale of preparation, while the latter is necessary for

their energy density comparable to those of liquid systems high ionic conduction, because ionic conduction is sensitive

by adopting a unique battery construction where two differ- to the amounts of defects and interstitials, which are intro-

ent kinds of solid electrolytes were usdd. A subject leftis duced by controlling the composition. In the present study,

how to enlarge the current drain, or power density. Electrodeswe prepared nano-sized particles of a solid electrolyte using

in bulk-type, i.e. not-thin-film, solid-state batteries are mix- laser ablation.

tures of electrode material and solid electrolyte powders in

order to enlarge their contacting area. However, electrode ar-

eas in solid systems still tend to be smaller than those inliquid 2. Experimental

systems owing to the small contacting area at solid/solid in-

terface between the particles of electrode materials and solid 1. preparation of nano-scaled particles

electrolytes; that is, it is difficult to completely cover the sur-

faces of particles of the electrode material by hard particles A solid electrolyte with NASICON structure, LiZ(POx)3
(LTP) [3], was used in the present study. Powder of LTP

* Corresponding author. Tel.: +81 29 860 4317; fax: +81 29 854 9061.  Was synthesized from kCOs, TiO2, and ROs as starting
E-mail addresstakada.kazunori@nims.go.jp (K. Takada). materials. They were mixed in an Ar-filled glove box. The
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Fig. 1. A schematic drawing of the laser ablation system used in the present
study.
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mixture was heated at 100Q for 2 h in air. The synthesized 26 /° (Cu Ka))

powder was pressed into a pellet and sintered at 1Gd0r

2hinairagain to be used as a target, or an evaporation sourcefig. 2. XRD patterns for the target material (a), nano-sized particles prepared

for the laser ablation. by the laser ablation (b), and the annealed nano-sized particles at@000
Fig. 1is a schematic drawing of the ablation system used (c). Mi_IIer indices based on a rhombohedral unit cell were labeled on the

in the present study. A Kr—F pulsed laser with a wavelength of reflections for the annealed sample.

248 nm was used for the preparation. The laser pulse width, o ) )

repetition rate, and power of the pulsed laser light were 30 ns, UM shown in Figs2(a) and3(a), were identical to those

10Hz, and 120 mJ, respectively. The laser beam was focused'€viously reported4,5]. All the reflections were index-

onto the target through a quartz window. Oxygen gas was al:ile on a rhgmbohe_dral unit cell (space groBsc) with
introduced into the chamber during the ablation, and it carried &= 8-5104(3)A and c=20.840(3A for the hexagonal axes.

the formed nano-sized particles to an inline filter connected 1"€ Raman spectrum had several peaks in the wavenumber
range from 300 to 1400 cnt. According to the previous

paper5], the peaks observed for the target material were as-
signed as vibration modes of R@roups: peaks at 353 cth

to an external mode; ones at 435 and 449 tio symmetric
bending; one at 521 cm to asymmetric bending; ones at 975

to a rotary pump, where they were collected. The pressure in
the chamber was controlled to be ca. 20 Pa.

2.2. Characterization of the material

The morphology and the composition of the powder were
observed by a transmission electron microscopy (TEM) and
energy dispersive X-ray (EDX) spectroscopy, respectively,
on a microscope (JEM-3000F, JEOL).

Differential thermal analysis (DTA) was carried out on a
thermal analysis system (TG8120, Rigaku). The sample was
heated and cooled between room temperature and°1Dao
a rate of C min—! under oxygen gas flow.

Crystal structures were investigated by X-ray powder
diffraction (XRD) and Raman spectroscopy for the fol-
lowing three samples: the powder used to make the tar-
get, one obtained by the laser ablation, and one obtained
by heating the ablated powder at 10@ X-ray diffrac-
tion data of the samples were collected on a diffractome-
ter (RINT2200/PC, Rigaku) with Cu & radiation. Raman
measurements were performed in a backward microconfigu- (b)
ration, using the 514.5 nm line from anAaser £0.1 mW)
focused to a 3zm-diameter spot on individual grains of the
samples. The scattered light was dispersed by a subtractive
triple spectrometer (T64000, Jobin-Yvon/Atago Bussan) and
collected with a liquid-nitrogen-cooled charge-coupled de- M
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3. Results and discussion Raman shift/ cm™

. Fig. 3. Raman spectra for the target material (a), nano-sized particles pre-
The powder used for the target was characterized by XRD pared by the laser ablation (b), and the annealed nano-sized particles at

and Raman spectroscopy. The XRD pattern and Raman spec1000°C (c).
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Fig. 6. DTA curves for the nano-sized LTP. Black and gray lines were ob-

tained for the first and the second heating and cooling cycles, respectively.
An exothermic peak corresponding to the crystallization is indicated by an
arrow.

Fig. 4. A TEM image of the nano-sized particles.

O Ko

The XRD pattern of the nano-sized LTP did not give distin-
guished reflections but a halo centereddat 25° as shown in
Fig. 2(b), indicating the amorphous nature of the nano-sized
P Ko particles. On the other hand, the local structure of the nano-
Ti Ko sized particles is considered to be similar to the crystalline
LTP. Fig. 3(b) shows a Raman spectrum for the nano-sized
particles of LTP. They gave broadened peaks; however, their
positions were kept unchanged, which suggested the similar-
ities in the local structure. The broadening is considered to
be caused by the increasing degree of the disordered struc-
0 1 2 3 4 5 6 ture of the nano-sized particles, which also brought about the
Energy / eV appearance of additional bands in the wavenumber range of
600-900 crmt,

When the powder was heated, an exothermic peak ap-
peared with an onset of 63C in the DTA curves displayed
and 995 cm! to symmetric stretching; 1013 and 1100¢hn in Fig. 6. The exothermic peak was observed only in the first
to asymmetric stretching. heating process, suggesting that the exothermic reaction is

A TEM image of the particles obtained by the laser ab- the crystallization of the amorphous LTP. Indeed, the sharp
lation is displayed inFig. 4. It revealed that the obtained reflections in the XRD pattern and the peaks in the Raman
particles were of the order of 10 nm in diameter. Its EDX spectrum observed for the original material used for the target
spectrum and its composition determined from the spectrumwere recovered in the sample after the heating up to 1600
are indicated irFig. 5andTable 1 respectively. The com-  as shown in Figs2(c) and3(c). All of the reflections were
position determined by the EDX was almost the same as theindexable based on a hexagonal cell veith8. 5133(4)6\ and
theoretical one, indicating that the composition of the nano- ¢c=20. 877(4)A of course, which were consistent with those

Ti KB1

Fig. 5. An EDX spectrum for the nano-sized patrticle.

sized particles was well-controlled in the ablation. of LTP. This crystallization temperature was in coincidence
with those observed in the syntheses of LTP by sol-gel meth-

Table 1 0ds[6,7].

Comparison between the compositions of the nano-sized particles deter-  Taking into account that the ionic conductivity of amor-

mined by EDX and theoretical one phous Li 3Alg.3Ti1.7(POy)3 was much lower than that of the

Particle no. Atomic percent crystalline form[8], the conductivity of the amorphous nano-

- P o sized particles is expected to be low. NMR spectroscopy

will be powerful to investigate the lithium ionic conduc-

; &g ig:? ;g:g tion in the nano-sized particles and carried out near fu-

3 113 15.7 731 ture. It should be mentioned that we can obtain crystalline

4 102 16.0 73.9 nano-sized particles from the amorphous ones by heat treat-

Theoretical 18 176 70.6 ment. A heat treatment at 70Q to crystallize the nano-

" —— , , , sized particles did not bring about significant particle growth;
The compositions of four individual particles were investigated. Sum of the thev still remained of the order of 10nm in size after the
atomic percents of Ti, P, and O is 100%, because Li is not detectable by y st : I 1z

EDX. heating.
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