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High lithium ion conducting materials were mechanochemically synthesized using LizN
and SiS; as starting materials. The obtained LisN—SiS; materials were almost amorphous;
the amorphous phases consisted of SiS, tetrahedral units with no edge sharing and the
local structure was very similar to that of mechanically milled Li,S—SiS, amorphous
materials. High lithium ion conducting LisN—SiS, materials could be synthesized in very
short milling periods, around 20 min, since explosive reactions occurred in this system. The
mechanically milled 40Li3N-60SiS, (mol %) material exhibited excellent properties as solid
electrolytes such as high conductivity around 1074 S cm™! at room temperature, unity of
lithium ion transport number, and a wide electrochemical window of about 10 V vs Lit/Li.

1. Introduction

Lithium ion secondary batteries with high capacities
and high energy densities have been popularized since
several portable electronic instruments such as cellular
phones and notebook-type personal computers have
been developed. A safety problem, however, has been
noted for such batteries because they include flammable
organic liquid electrolytes.! If nonflammable inorganic
solid electrolytes could be used, their safety and reli-
ability might be remarkably improved. Therefore, high
lithium ion conducting inorganic solid electrolytes are
required.

Lithium nitride (LisN) crystals attracted much atten-
tion as solid electrolytes because of their extremely high
ion conductivity (1.2 x 1072% S cm™! at 25 °C).23
However, it is difficult to use Li3N itself as an electrolyte
for lithium ion secondary batteries since the decomposi-
tion voltage of LizN is very low (0.445 V).2 To overcome
this problem, a variety of LizN-based systems have been
studied.*"8

Sulfide glasses in the system Li,S—SiS; are one of the
most promising solid electrolytes.®~11 The glasses exhibit
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high conductivities on the order of 104 S cm~1! at room
temperature and high electrochemical stability in a wide
potential range of 10 V. Recently, we prepared Li,S—
SiS,—Li3N glasses by a melt-quenching technique using
LisN as a nitrogen source as well as a lithium source.'?
The addition of LizN to the Li,S—SiS; system increased
both the glass transition temperature and the crystal-
lization temperature because of an incorporation of
nitrogen atoms into the sulfide glass network. The
glasses also exhibited high electrochemical stability in
a wide potential range of 10 V. However, amounts of
incorporated nitrogen atoms into the glasses were much
smaller than those of nominal ones probably because
nitrogen atoms vaporized during the melting process.

On the other hand, much attention has been paid to
a mechanical milling technique using a high-energy ball
mill as one of the new preparation procedures for
inorganic compounds and amorphous materials.13-21
The mechanical treatment for a mixture brings about
an increase in contact areas among reactants and a local
increase in pressure and temperature at contact sur-
faces. Therefore, surfaces of the mixture are changed
because of a distortion of crystal structure and a
redistribution of point defects, and then chemical reac-
tions occur on the contact surfaces.’3-19 These reactions
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are called “mechanochemical reaction”. It has been
reported that the “mechanochemical reaction” could take
place by a thermodynamically unfavorable route.13-16
Therefore, we can expect to obtain new materials which
could not be synthesized by a conventional melt-
guenching method with a thermodynamical reaction. In
addition, we can point out several advantages as a
preparation procedure of amorphous solid electrolytes:
this procedure is basically a room-temperature pro-
cess?0:21 and useful for obtaining fine powders directly
for solid lithium secondary batteries. Such fine powders
improve interfacial contacts between an electrolyte and
an electrode. The powders prepared by mechanical
milling, thus, could also enhance battery performances.

We have prepared high lithium ion conducting amor-
phous materials in the system Li,S—SiS; by mechanical
milling.?22% Conductivities of these materials were
1.5 x 107* S cm™1! at room temperature; this value was
comparable to that of powder glass prepared by melt
guenching.?? In addition, the materials exhibited high
electrochemical stability at a wide potential of 10 V and
the lithium ion transport number was almost unity.
Furthermore, all solid-state cells with the amorphous
materials as a solid electrolyte worked as a lithium
secondary battery.?*

In the present study we have synthesized lithium ion
conducting materials in the system LizN—SiS, by me-
chanical milling at room temperature; LizN is used not
only as a lithium source but also as a nitrogen source.
Structure and properties as solid electrolytes of the
obtained LizN—SiS; materials are investigated and they
are compared with those of Li,S—SiS, amorphous
materials previously reported.?223 A formation process
of the mechanically milled samples in the system LizN—
SiS; is also discussed.

2. Experimental Section

Reagent-grade LizN (Aldrich; 99.9%, 80 mesh) and SiS;
(Furuuchi Chem.; 99.9%) were used as starting materials.
They were mixed at an appropriate mole ratio in an agate
mortar beforehand. Compositions of starting materials were
xLisN:(100—x)SiS, (x = 20, 30, 40, 50, and 60). Mechanical
milling treatments were carried out for the starting materials
using a planetary ball mill (Fritsch Pulverisette 7) with a
rotation speed of ~230 rpm at room temperature. Alumina was
selected as pots and balls for planetary ball milling. The
volume of pots, the diameter of balls, and the number of balls
were 45 mL, 10 mm, and 10, respectively. Balls-to-mixture
weight ratios ranged from 10:1 to 20:1. All of the treatments
were carried out in a dry Np-filled glovebox.

To identify crystalline phases of samples obtained by
mechanical milling, X-ray diffraction measurements (shimadzu
XRD-6000 diffractometer) were performed for powdered samples
after mechanical milling for a given period. A surface of the
samples was covered with a polyimide thin film for the
protection of the samples from an attack of oxygen and
moisture. In addition, local structures around silicon atoms
were investigated by using solid-state 2°Si MAS NMR mea-
surements (Valian Unity Inova 300 NMR spectrometer). The
powdered samples were loaded into a zirconia sample tube
with a sealant; these procedures were performed in a dry N»-
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Figure 1. X-ray diffraction patterns of the xLi3N:(100—x)-
SiS, powder materials after mechanical milling for 20 h.
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filled glovebox. Measurement conditions for 2°Si MAS NMR
were as follows: the observed frequency was 59.59 MHz, the
90° pulse length was 1.5—2.5 us, the recycle pulse delay was
30—-180 s, the spinning speed was 3000—3500 Hz, the number
of scans was 1000—8000, and reference standard was poly-
dimethylsilane. Morphologies of mechanically milled samples
were investigated by a scanning electron microscope (SEM)
(JEOL Model JSM-5300).

Electrical conductivities were measured for pelletized
samples, whose diameter and thickness were 10 mm and about
1 mm, respectively. The pelletized samples were obtained by
cold-pressing under 3700 kg cm~2. An ac impedance measure-
ment was carried out for the pelletized samples, where carbon
paste was painted as electrodes on both faces of the samples.
The measurement was carried out in a dry Ar atmosphere
using an impedance analyzer (Solartron, SI 1260) from 100
Hz to 15 MHz in the temperature range 30—220 °C. A dc
conductivity was also measured using lithium plates as
nonblocking electrodes and platinum plates as blocking elec-
trodes to determine the lithium ion transport number of the
mechanically milled samples. A cyclic voltammetry was carried
out for the simple two-probe cell with a platinum plate as the
working electrode and a lithium plate as the counter electrode.
A scanning rate of 5 mV/s was used and this measurement
was performed using a potentiostat (Hokuto Denko, HA-501)
and a function generator (Hokuto Denko, HB-104).

3. Results and Discussion

3.1. X-ray Diffraction. Figure 1 shows the X-ray
diffraction patterns of powder samples with nominal
compositions of xLizN:(100—x)SiS; (x = 20, 30, 40, 50,
and 60) after mechanical milling for 20 h at room
temperature. The diffraction patterns of starting ma-
terials of LisN and SiS; crystals are also shown in this
figure. The samples at the composition of x = 20 and
30 show halo patterns with no diffraction peaks, sug-
gesting that the mixture of the starting materials
becomes amorphous by mechanical milling for 20 h. On
the other hand, new diffraction peaks due to Li;S, Si,
and LiSi,N3 crystals are observed in the samples at the
compositions of x = 40, 50, and 60. Those diffraction
peaks did not change in the samples further mechani-
cally milled over 20 h. The diffraction peaks become
sharper with an increase in the LisN content. The
formation of LiSi;N3 crystals in those mechanically
milled samples suggests that nitrogen atoms are intro-
duced into the obtained samples. Therefore, nitrogen
atoms are also presumed to be in the amorphous phases
of the samples at the compositions of x = 20 and 30.

3.2. Electrical Conductivity. Figure 2 shows the
temperature dependence of electrical conductivities of
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Figure 2. Temperature dependence of electrical conductivities
of the xLi3N:(100—x)SiS; pelletized materials after mechanical

milling for 20 h.
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Figure 3. Conductivities at 25 °C (025) and activation energies

(Ea) for conduction of the xLi3N:(100—x)SiS, materials after
mechanical milling for 20 h.

the samples with nominal compositions of xLizN:(100—
x)SiS, (x = 20, 30, 40, 50, and 60) after mechanical
milling for 20 h. The conductivities of the mechanically
milled samples follow the Arrhenius-type equation

o= gyexp(—E,/RT)

where E, is the activation energy for conduction, go the
pre-exponential factor, and R the gas constant. Com-
position dependences of conductivities at 25 °C (o25) and
activation energies (E,) are shown in Figure 3. The o5
values of the materials increase up to x = 40 and then
decrease with an increase in x. The o5 exhibits a
maximum value of 2.7 x 10™* S cm™1! at the composition
of x = 40. The composition dependence of E, corresponds
to that of o2s; the E, exhibits a minimum value of 29 kJ
mol~1 at the composition of x = 40.

3.3. Structural Analysis. We have investigated a
structure of amorphous phases by 2°Si MAS NMR
measurements, which determine coordination states
around silicon atoms. Figure 4 shows the 2°Si MAS
NMR spectra of the samples with nominal compositions
of xLi3zN:(100—x)SiS; (x = 20, 30, 40, 50, and 60) after
mechanical milling for 20 h. The spectra of SizN4 crystal
and the 95(0.6Li,S:0.4SiS,):5Li,Si0,4 oxysulfide glass
prepared by melt quenching are also shown in this
figure for comparison. Two peaks at around 5 and —3
ppm are observed in the sample at the composition of
x = 20. In the samples at x = 30, 40, and 50, four broad
peaks at around —25, —50, —55, and —80 ppm are newly
observed besides the peaks at 5 and —3 ppm. In the
sample at x = 60, the peak at around —80 ppm is only
observed.
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Figure 4. 2°Si MAS NMR spectra of the xLi3N:(100—x)SiS;
materials after mechanical milling for 20 h.

Two peaks at around 5 and —3 ppm are assigned to
SiS, tetrahedral units; the peak at 5 ppm is due to the
SiS, units with no edge-sharing (E(0)) units, while the
peak at —3 ppm is due to the SiS, units with one edge-
sharing (E(1)) unit.?>2¢ The peak at —80 ppm is due to
a silicon atom in a silicon (Si) crystal. The peaks at
around —25, —50, and —55 ppm are possibly due to
SiNpS4-n (n =1, 2, 3) tetrahedral units in which a silicon
atom is coordinated with both nitrogen and sulfur
atoms. On the other hand, the peak positions of —25
and —55 ppm are in good agreement with those ob-
served in the oxysulfide glass as shown in Figure 4.
Therefore, the peaks at —25 and —55 ppm are possibly
due to SiO,S; and SiO3S tetrahedral units, respectively;
the peak due to SiOS; units, which are also present in
the oxysulfide glass, is overlapped by the peak at —3
ppm.?” The peak at —50 ppm cannot be observed in the
spectrum of the oxysulfide glass but this peak is
observed in a silicon nitride (SizN4) crystal, suggesting
that the peak at —50 ppm must be due to silicon-
centered units with some Si—N bonds.

It is found that amorphous phases of the samples in
the system xLi3N:(100—x)SiS; obtained by mechanical
milling are mainly constructed by SiS, (E(0) and E(1))
units. The silicon-centered tetrahedral units with Si—N
bonds are present in the samples at the composition
x = 30; nitrogen atoms are introduced into an amor-
phous phase as well as a crystalline phase (LiSi2N3)
since the sample at x = 30 is amorphous as shown in
Figure 1. When the 40Li3N:60SiS, sample was heated
at 700 °C, the peak at —50 ppm due to the Si—N bond
became intense, which also supports the presence of the
Si—N bond in the amorphous phase. We tried to evalu-
ate the nitrogen contents by using the Kjeldahl method.
However, reproducible values of nitrogen contents have
not been obtained, which is probably because of the
inhibitory effect of the coexisting sulfur atoms.

The SiOnSs-n (N = 1, 2, 3) units and Si units are
partially present at the composition x > 40; oxygen
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Figure 5. Time dependence of dc conductivities obtained from
currents after applying a constant dc voltage of 1 V to the
40Li3N:60SiS, material after mechanical milling for 20 h.

atoms in the former units are probably derived from
oxide contaminations in the starting materials and from
alumina of milling pots and balls during mechanical
milling. The presence of Si units obtained by NMR
measurements corresponds to the XRD results as shown
in Figure 1; Si crystals were observed in the samples
at the composition range x = 40.

We have confirmed that the high lithium ion conduc-
tive amorphous materials in the system Li,S—SiS; are
mainly constructed by E(0) units.?® These structural
units were also mainly present in the xLizN:(100—x)-
SiS, materials at the composition range 30 < x < 50.
This similarity in local structure brought about high
conductivities over 1075 S cm~! at room temperature
as shown in Figure 3. The 0,5 increased up to x = 40
and decreased with an increase in x. The increase in
both SiS, units and lithium ion concentration brought
about an increase in conductivities in the composition
range x < 40, while the presence of a large amount of
crystalline phase such as Li,S (Figure 1) decreased
conductivities of the samples in the range x > 40.

3.4. Lithium lon Transport Number. The 40Li3N:
60SiS; material mechanically milled for 20 h exhibited
the highest conductivity of 2.7 x 1074 S cm~! at room
temperature. However, it was revealed from XRD and
NMR measurements that silicon crystals with an elec-
tronic conductivity were partially present in the mate-
rial. To determine a lithium ion transport number of
the material, a dc conductivity was measured using
blocking and nonblocking electrodes. A constant dc
voltage of 1 V was applied to the powder samples to
obtain dc current—time curves. Figure 5 shows the dc
conductivities at 25 °C as a function of time, which was
derived from the dc current—time curves for the sample
with the nominal composition of 40Li3N:60SiS,. In the
case of using lithium electrodes (nonblocking electrodes),
a dc conductivity is almost constant with time; the
conductivity value is around 1.0 x 107* S cm™1, which
almost agrees with the value obtained from ac imped-
ance measurements using carbon electrodes (blocking
electrodes) as shown in Figure 2. This result indicates
that only lithium ion conduction occurs and the conduc-
tion of other ions is negligible in this material. In the
case of using platinum plates (blocking electrodes), a
large decrease of dc conductivities is initially observed
and then the conductivity becomes almost constant. The
conductivity value is about 4 orders of magnitude lower
than the value obtained by using the lithium electrodes.
This result suggests that an electronic conduction at
total conductivity is almost negligible. It is revealed that
the lithium ion transport number of the sample with
the nominal composition of 40Li3N:60SiS; is almost
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Figure 6. Cyclic voltammogram of the 40Li3N:60SiS, material
after mechanical milling for 20 h.
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Figure 7. X-ray diffraction patterns of the 40LizN:60SiS;
materials obtained by different milling periods.

unity, although small amounts of silicon crystals exist
in the sample.

3.5. Electrochemical Property. We have deter-
mined the electrochemical window of the 40Li3N:60SiS;
sample after mechanical milling for 20 h by cyclic
voltammetry. Figure 6 shows the cyclic voltammogram
of the 40Li3N:60SiS; sample. At first, a cathodic current
due to a deposition of metallic lithium is observed on a
cathodic sweep up to —0.5 V (vs Li*/Li). Then, an anodic
current due to a dissolution of metallic lithium is
observed around +0.4 V on an anodic sweep. No anodic
current peaks except for the peak due to lithium
dissolution are observed up to +10 V. Thus, the 40Li3N:
60SiS; sample has a very wide electrochemical window
of about 10 V despite the sample including LisN as a
starting material, which shows a very low decomposition
voltage (0.445 V).

The 40Li3N:60SiS, material obtained by mechanical
milling exhibits a high lithium ion conductivity, a single
lithium ion conduction, and a wide electrochemical
window. Therefore, this material is one of the most
promising solid electrolytes for lithium ion secondary
batteries.

3.6. Formation Process of the 40Li3N:60SiS, lon
Conducting Material by Mechanical Milling. We
have investigated a formation process of the sample
with a nominal composition of 40Li3N:60SiS, by me-
chanical milling. Figure 7 shows the X-ray diffraction
patterns of the 40Li3N:60SiS, samples at different
milling periods. Diffraction peaks due to LizN and SiS;
crystals are observed in the sample without mechanical
milling, which is just a mixture of the starting materi-
als. After mechanical milling for 10 min, the peaks due
to LisN and SiS; slightly broaden. After mechanical
milling for 20 min, a XRD pattern is drastically changed;
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Figure 8. Temperature dependence of conductivities for the
40L.i3N:60SiS; materials obtained by different milling times.

the peaks due to LisN and SiS, disappear, new peaks
due to Li»S, Si, and LiSi;N3 appear, and all of the
diffraction peaks broaden. The diffraction pattern of the
sample at 20 h is similar to that of the sample at 20
min. These results indicate that explosive mechano-
chemical reactions?82° between LizN and SiS; crystals
instantaneously occurred during the first 20 min to form
amorphous phases with some crystalline phases; an
introduction of nitrogen atoms into the obtained sample
occurs in this period. Crystallinity of Li,S, Si, and
LiSioNs no longer changes with further mechanical
milling over 20 min.

Figure 8 shows the temperature dependence of elec-
trical conductivities of the samples with the nominal
composition of 40LisN:60SiS; at different milling peri-
ods. A mixture without mechanical milling (0 min) has
a conductivity around 10-8 S cm~1 at room temperature
and an activation energy of 52 kJ mol~1. The conduc-
tivities of the sample drastically increase after mechan-
ical milling for 20 min; the conductivity is about 3 orders
of magnitude higher than that of 10 min. The sample
mechanically milled for 20 min exhibits a high conduc-
tivity around 1074 S cm~1 at room temperature and an
activation energy of 34 kJ mol~1l. After mechanical
milling for 20 min, the conductivities of the sample
gradually increase with an increase in the mechanical
milling period.

The change of coordination states around silicon
atoms due to the explosive reactions by mechanical
milling has been investigated using NMR measure-
ments. Figure 9 shows the 2°Si MAS NMR spectra of
the samples with a nominal composition of 40Li3N:
60SiS, at different milling periods. A sharp peak is
observed at around —20 ppm in the samples obtained
after mechanical milling for 0 and 10 min. The spectrum
drastically changes after mechanical milling for 20 min;
the peak at around —20 ppm disappears and two peaks
at around 5 and —3 ppm appear. These two peaks are
also mainly observed in the samples after mechanical
milling for 1 and 20 h. Four broad peaks around —25,
—50, —55, and —80 ppm appear in the sample after
mechanical milling for 20 min and the intensity of these
peaks become stronger in the sample after mechanical
milling for 20 h.

(28) Chakurov, C.; Rusanov, V. Koichev, J. J. Solid State Chem.
1987, 71, 522.
(29) Rusanov, V.; Chakurov, C. J. Solid State Chem. 1989, 79, 181.
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Figure 9. 2°Si MAS NMR spectra of the 40Li3N:60SiS;
materials obtained by different milling times.
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Figure 10. SEM photographs of a sectional view of the
pellettized 40Li3N:60SiS, materials obtained by different
milling times: (a) 0 min, (b) 10 min, (c) 20 min, (d) 1 h, and
(e) 20 h.

The sharp peak at around —20 ppm is due to the SiS,
tetrahedral units with two edge-sharing (E(2)) units;30
this peak is observed in a SiS; crystal and the spectra
for 0 and 10 min indicate the presence of SiS; crystals
in those samples. Assignments of the peaks at 5, —3,
—25, =50, —55, and —80 ppm have already been
described in section 3.3.

The E(2) units disappear and E(1) and E(0O) units
newly appear after mechanical milling for 20 min,
suggesting that the mechanical milling for 20 min
introduces considerable strains and defects into the SiS,
crystal structure and destroys the edge-shared bonds
between SiS, tetrahedral units. Subsequently, the dis-
ordered SiS; reacts with LisN to form E(1) and E(0) and
silicon units with Si—N bonds. The SiOS4—n (N =1, 2,
3) units gradually form in the periods during mechanical
milling over 20 min.

Morphologies of those samples were investigated by
a scanning electron microscope (SEM). Figure 10 shows
the SEM photographs of the samples with the composi-
tion of 40Li3N:60SiS, at different milling periods (a)—
(e). Each photograph shows a sectional view of the
pelletized samples. In the sample milled for 10 min (b),

(30) Tenhover, M.; Boyer, R. D.; Henderson, R. S.; Hammond, T.
E.; Shreve, G. A. Solid State Commun. 1988, 65, 1517.
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the morphology of the sample is similar to that of the
as-mixed powder (a). The morphology of the sample
drastically changes in the sample milled for 20 min (c);
large spherical grains of about 10 um in diameter are
observed. With further mechanical milling over 20 min,
the size of grains gradually decreases with an increase
in the mechanical milling periods ((c)—(e)); particles of
a few micrometers in diameter are mainly obtained in
the sample milled for 20 h (e).

It is revealed from the results of XRD (Figure 7), NMR
(Figure 9), and SEM (Figure 10) measurements that the
local structure and particle morphology of the mechani-
cally milled samples drastically change during the
milling period between 10 and 20 min. Although, in
general, mechanochemical reactions gradually proceed
by solid-state interdiffusion reactions among powder
mixtures, it is also reported that explosive reactions
with partial melting of powders can occur during a
mechanochemical synthesis; the latter reaction is es-
pecially called “a self-propagating combustive reac-
tion”.28.29.31.32 The morphology of the samples mechani-
cally milled for 20 min suggests that the explosive
reactions occur in the samples.

The sample after mechanical milling for 20 min
mainly consisted of E(0) units. As described in section
3.3, the amorphous phase mainly containing E(0) units
exhibited high electrical conductivities. The conductivity
drastically increased after mechanical milling for 20 min
as shown in Figure 8 since large amounts of E(0) units
formed in the mechanically milled samples for this
period. The SEM photographs as shown in Figure 10
indicated that the size of the particles decreased and
then close contact among particles could be achieved
with an increase in milling periods over 20 min. Since
the close contact of particles lowers grain-boundary
resistances, the conductivity gradually increased with
an increase in the milling periods as shown in Figure
8.

3.7. Comparison to the Li,S—SiS; System. We
have reported that electrical conductivities of the 60Li,S:
40SiS, amorphous powder mechanically milled for 20
h are over 1074 S cm~1! at room temperature.?223 This
material also exhibited excellent properties as solid
electrolytes such as unity of lithium ion transport
number and a wide electrochemical window. The me-
chanically milled 40Li3N:60SiS, material obtained in
the present study showed superior performance as solid
electrolytes comparable to the mechanically milled
60L.i,S:40SiS,; materials. This is because local structures

(31) Takacs, L. Mater. Res. Soc. Symp. Proc. 1993, 286, 413.
(32) Takacs, L.; Susol, M. A. J. Solid State Chem. 1996, 121, 399.
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around silicon atoms of both materials are very similar;
both materials mainly consist of E(0) units. 2°Si MAS
NMR spectra of the 40Li3N:60SiS, material indicated
that the structural units with Si—N bonds were also
present in the glass structure as shown in Figure 4.

In the Li,S—SiS; system, the mechanical milling
treatment for 5 h with a rotation speed of 370 rpm was
at least required to obtain materials with high conduc-
tivities more than 107+ S cm~! at room temperature.?3
On the other hand, the treatment for 20 min with a
rotation speed of 230 rpm was required in the system
LisN—SiS,. Therefore, energies of mechanical milling
required to obtain high conductive materials are con-
siderably lower in the system LisN—SiS; than in LiS—
SiS,. The mechanochemical reaction gradually pro-
ceeded by solid-state interdiffusion reactions in the
system Li,S—SiS;, while the reaction explosively pro-
ceeded by self-propagating combustive reactions in the
system LigN—SiS,.

4. Conclusions

Lithium ion conducting materials in the system
LisN—SiS, were synthesized by mechanical milling
using a high-energy ball-milling technique at room
temperature. The obtained materials were mainly amor-
phous; the materials with large amounts of LizN par-
tially included some crystalline phases such as Li,S, Si,
and LiSi,Ns. The amorphous phases were mainly con-
structed by the SiS; units with no edge-sharing (E(0))
units, which were also mainly present in the mechani-
cally milled Li,S—SiS, amorphous materials. The high-
est conductivity at room temperature was 2.7 x 1074 S
cm~1 and the activation energy was 29 kJ mol~1 for the
40Li3N:60SiS; material mechanically milled for 20 h.
The lithium ion transport number was almost unity and
the materials exhibited high electrochemical stability
in a wide potential range of 10 V vs Li*/Li. The
conductivities of 40Li3N:60SiS;, drastically increased
during the first 20 min of mechanical milling because
the E(0) units formed in this period. The morphology of
40Li3N:60SiS; also drastically changed during this
period, suggesting that explosive thermal reactions
occurred by mechanical milling.
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