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LizyIn; M,Brs (M=Zn, Co, Fe) was synthesized by nano-grinding. No peak of source materials
was observed for all the compounds in XRD measurements. With an increase of x for M=Fe
compounds, the lattice constants decreased, because the ionic radius of Fe* ion are much smaller
than that of In** ion. In the high temperature phase for LisIn,M,Brg (M=Zn, Co), the
conductivity decreased with x. In Zn compound, a new phase transition was observed at about
345 K and the conductivity became higher than that of the medium temperature phase. In
LizIn (Fe,Brg, the conductivity of high temperature phase was almost equal to that for Li;InBrs.
In 'Li NMR measurement, the spectra in high temperature phase for Liz.dn,Fe,Brs was
narrowed to be less than 1 kHz. It is indicated that Li" ion diffuse fast in the crystal and these

compounds are good Li ion conductors.
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1. INTRODUCTION

The lithium ion secondary battery has been widely
prevalent as a power source of small-sized electronic
devices because of the high-energy density
characteristics. More improvement of safety, reliability,
and capacity are desired to use for a large current power
source such as electric vehicles. Instead of organic liquid
electrolytes and gel polymer electrolytes used for current
lithium ion secondary batteries, a conversion of all solid
state batteries by us of lithium ion conductive inorganic
solid electrolyte is one of effective methods to improve
these performances and many of lithium ion conductors
such as Li ion conductive glass [1,2], thio-LISICON[3],
and (La, Li)Ti0s[4,5], has been studied and attempted to
apply to the solid electrolyte in the lithium ion
secondary battery[6].

In recent years, we have investigated the structures
and dynamics for a series of compounds MBr-M'Br3 (M
=Li, Cu, Ag; M’ = Al, Ga, In) and found a lithium ion
conductor Li;InBrg with o ~ 107 Sem™ at 330 K [7-9].
This high conductivity appears in the high temperature
phase of Li;InBry, its value being much higher than that
reported for Li;MXy (M= lanthanoids; X= Cl, Br) and
comparable to that of Li;N (1.2x107 Sem™ at 298 K)
{10]. The diffusional correlation time, estimated from
the 'Li NMR T; on the high temperature phase
supported the high conductivity due to the Li" cation. On
the other hand, in the low temperature phase three *'Br
NQR lines between 59 and 70 MHz[8] suggested an
isolated InBr¢” anion with an inversion point symmetry.
At the phase transition temperature, T\, toward the high
temperature phase the three NQR lines disappeared,
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accompanied by a strong endothermic peak on the DTA
curve without an appreciate change of the XRD powder
pattern. These findings suggest an order-disorder phase
transition at T,. Li;InBre,Cl, was the compounds
partially substituted of Li;InBrg by Cl ion and the
volume of crystal lattice was decreased with Cl content.
In these compounds, the phase transition temperature
lowered to be 285 K and the ionic conductivity was at
the maximum around x = 3. The modification of anion
improved the ionic conductivity and thermal stability of
high conductive phase.

In the present paper, we synthesized Liz.In;MyBrs
(M=Zn, Co, Fe) substituted of In’" and the effect of the
modification of anion on the ionic conductivity was
investigated by means of X-ray diffraction, AC
conductivity, and solid state NMR measurements.

2. EXPERIMENTAL

LisyJn; M, Brg (M=Zn, Co, Fe) was synthesized by a
solid state reaction method. Stoichiometric mixtures of
LiBr, MBr, and InBr; were ground by planetary ball mill
up to about 20 nm and annealed in a quartz tube at 493K.
Source materials were purified by sublimation in a
vacuum or recrystallization, and all compounds handled
in a glove box filled with dry Ar gas. Powder X-ray
diffraction patterns were recorded by a Rigaku Rad-B
system using a Cu-Ka radiation. The handmade cell was
used to protect the samples from the moisture. "Li and
51y NMR spectra were observed with a Matec pulsed
spectrometer at 6.3 T with corresponding Larmor
frequencies of 105.4 and 59.45 MHz, respectively. The
conductivity was determined by a complex impedance
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method measured at 35 frequencies between 42 Hz and
5 MHz (HIOKI 3532-50 LCR high tester) in a dry argon
atmosphere.

3. RESULTS AND DISCUSSION
3.1 X-ray diffraction

Figure 1 shows the crystal structure of LizInBrs and
XRD patterns 0fLi3'151n0.35M0A15BI'6 (MZZH, CO, Fe; x
= (.15) and Li;InBrs at 297 K. Li;InBrg belongs to a
monoclinic system with a = 0.6756 nm, b = 1.170 nm, ¢
=0.6758 nm and B = 110.1° at 297 K. The structure in
figure 1 displays a part of the unit lattice and In atoms
occupy their sites partially. In Lis,JIn; M,Brg, their
peak intensity was weakened with an increase of x and
no apparent impurity peak could be detected. It was
indicated that the crystallinity of the sample becomes

poorer slightly with x and each of them was single phase.

In Lizi,In,Zn,Brg and Lis, In;,Co,Brs, no shift could
be observed for 20 value of the peaks. In
LiziIn; (CoBrs, some of weak peaks appeared by
substitution, indicating that the crystal structure might be
changed. In Fe compounds, 26 value of the peaks shifted
slightly toward the higher angle. The volume of the
crystal lattice was reduced due to the substitution with
Fe and the lattice constants were changed uniformly.
Since ionic radius of Fe, Co and Zn is smaller than that
of Indium ion, it was predicted that the substitution of In
with Fe, Co, or Zn made the crystal lattice smaller and
increase of the amount of Li ion expand the lattice in
these substitution. It was considered that the reason why
the contraction of the crystal lattice was observed only
in Fe substitution is that ionic radius of Fe*" ion is much
smaller than that of In*" in comparison to Co* and Zn?".
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Fig. 1. Powder XRD patterns of Li;InBrg and
Li3'151n0‘85M0.15Br6(M= Zn, CO, and FC) at 297
K, and the crystal structure of Li;InBrg.

3.2 AC conductivity
The temperature dependence of the AC conductivity
for Lizydn; MBrs (M=Zn, Co, Fe) and Li;InBr is
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Fig. 2. Temperature dependence of conductivity
for Lis 5Ing gsMg.15Brs(M= Zn(0), Co(s), Fe(+))
and LizInBrg(0).

shown in Fig. 2. The phase transitions are clearly seen
around 310 ~ 330 K, where the conductivity changes in
Co and Fe compounds. In Zn compound, phase
transition temperature, Ty, became much higher due to
the substitution unfortunately though the reduction of
transition temperature was desirable in their practical
application. Furthermore, the conductivity of low
temperature phase was also decreased. The low
temperature phase must be stabilized by the substitution
with Zn. A new phase transition appeared at higher
temperature and the conductivity was increased slightly.
In Co compounds, the conductivity increased
monotonously with an increase of temperature in the
same manner as LisInBrs. The conductivity of high
temperature phase became lower and the slope of the
conductivity was increased by the substitution. This
decrease of the conductivity may be caused by the
change of the crystal structure suggested by a little
difference in XRD pattern between Co compound and
the original one. In Fe compound, the conductivity also
increased monotonously with an increase of temperature.
The conductivity in high temperature phase was almost
equal to that for LisInBrg¢ and phase transition
temperature where the conductivity raised steeply was
lowered. It was found that ionic conductivity was
improved and high temperature phase was stabilized by
the substitution with Fe.

The conductivity in the low temperature phase was
increased in Fe and Co compound. This phenomenon is
similar to that of the compounds substituted of Li with
Mg. In Mg compounds, the substitution introduced
extrinsic vacancies into the crystal lattice and improved
the ionic conductivity. In Fe and Co compounds,
however, the amount of Li ion was increased and
vacancy was not produced by the substitution. The
carrier concentration was increased only by a factor of
1.33 but the mechanism of increase of the conductivity
is not clear at this moment.

The activation energy, E,, for the conduction was
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evaluated using the equation,
oT= A exp (-E/RT), §))]

where A and o is the pre-exponential parameter and the
conductivity, respectively [11]. The activation energy in
the high temperature phase was obtained from the
conductivity at cooling process by use of equation (1).
E, in Fe compound was not change so much between
24 kJmol™ and 28 kJmol™. For Co compounds, E, was
35 kJmol™ for Lis 15IngssCog ssBrs and showed the
tendency to increase together with x, indicating that
diffusion of Li ion was disturbed by the substitution.

3.3 "Li NMR spectra

In Figure 3, spectra (a), (b) and (c) are "'Li NMR
spectra at 330 K (high temperature phase) and (d) is at
295 K (low temperature phase). In Co compounds, NMR
signal was very weak and any clear spectra could not be
obtained. In the low temperature phase of Li;InBrg the
"Li NMR spectrum (d) showed a featureless Gaussian
profile with a FWHM linewidth of about 6 kHz. No
apparent quadrupole effect was observed. This linewidth
in low temperature phase of Li;InBrg agreed well with
the one expected from the van Vleck formula assuming
a rigid lattice [12,13]. On the other hand, the linewidth
of spectra(c) in the high temperature phase reduced to be
0.6 kHz. This suggests that the rate of the translational
diffusion is much faster than that corresponding to the
inverse linewidth parameter of the 'Li NMR. The
linewidth of the spectra in the low temperature phase for
Fe and Zn compounds coincides with that for Li;InBr,
suggesting that the cationic sublattice forms a rigid
lattice in the NMR time scale and Li ion diffusion was
very solw. The linewidth of (a) for Li; ;5Ing gsFeq 15B1g
and (b) Li; 15Ing g5Zng 15sBrg are narrowed to less than
1 kHz, indicating that the diffusion rate of Li ion became
large in both compounds just as LizInBrs. It was found
that these compounds are Li ion conductors.
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Fig. 3. "Li NMR spectra of Lis j5IngssMg sBrs
(M= Fe (a), Zn (b) ) at 330 K and Li;InBrg at
330 K (¢) and 297 K(d). (a)-(c) are spectra in
high temperature phase and (d) is low.
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Fig. 4. '"’In NMR spectra in high temperature
phase of Li3A15In0485FeO<15Br6 (a) and Li3lnBr6
(b) at 330 K.

3.4 '5In NMR spectra

Figure 4 shows the '"In NMR central transitions (Am
=-12 o 1/2) for Li3,15In0A85FeO,15Br6 and Li3Il’lBI'6
observed at 330 K. In the low temperature phase of
Li;InBrg, only a spin echo of "“In NMR signal was
observed with more than 1 MHz width due to the higher
order quadrupole effect. On the other hand, in the high
temperature phase, the linewidth decreased to be 12 kHz
at 330 K due to the reorientation of InBrg anion as
shown in figure 4(b). In low temperature phase of
Lis sIng gsMp 1sBrs, '°In NMR spectra were broad
and their line width was more than 1MHz. In Fe
compound, the spectra of high temperature phase
became sharp as shown in figure 4(a). The linewidth of
(a) was narrower than that of (b). This is because phase
transition temperature of Li;  sInggsFeq 5Brg was
lower than that of Li;InBrs and rate of InBrg>
reorientation in Lijz ;sInggsFeq1sBrs was a little
faster At much higher temperature, '*In NMR
linewidth were almost same in both Li;InBrg and
Lis 15Ing gsFeg 1sBrg. In high temperature phase of
Li; 15Ing.55Mg.15Brg(M=Co, Zn), ""In NMR spectra
were much broader than that of Li;InBrg and
spectrum such as (a) or (b) could not be obtained,
indicating that the substitution with Co or Zn distorted
InBrs" anion and/or made a reorientation of InBrg™
anion slower. In our previous paper[9], InBr¢ anion
was distorted with x in Liz,Mg,InBrs and the
conductivity was decreased with an increase of x. In Co
and Zn compounds, the conductivity was decreased and
"5In NMR spectra was broadened in high temperature
phase, suggesting that the substitution may cause a
distortion of the crystal lattice and disturb the Li ion
diffusion.
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