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Abstract

In the quasi-binary systems Li;N-MI (M =Li, Na, K, Rb) new intermediate compounds 3Li;N-MI were synthesized by a solid-state
reaction between Li;N and MI at 600°C. They were isomorphous and had a tetragonal unit cell. Their sintered bodies exhibited lithium-ion
conductivity of 1.1 X 107*-7.0x10 *S cm™"' at room temperature. The grain boundary resistances were negligibly small because of their
good sinterability. The decomposition voltages were approximately 2.5-2.8 V, much higher than that of Li;N. Even the compacts of the
powdered compounds showed total conductivities more than 10 * S cm ™. This allowed the cell construction of the solid-state lithium-10n
cell, C/3Li,N-KI/LiTiS,, simply by pressing the powdered electrolyte and electrode materials. The cell was able to charge and to discharge
at a constant current of 15 wA cm * at room temperature: however, severe polarization in the positive electrodes limited the charge/discharge

performance. © 1997 Elsevier Science S.A.
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1. Introduction

The use of metallic lithium as an anode and lithium inter-
calation compounds as a cathode leads to attractive battery
systems with a high energy density, because of the low equiv-
alent weight of Li and a large free energy change involved in
the cell reaction. Demands for high energy density batteries
have rapidly grown and 3 V Li systems based on non-aqueous
electrolytes. such as Li/MnO, and Li/MoS,, have expanded
their use for the last fifteen years. However, Li-rechargeable
systems have encountered serious problems arising from the
dendritic deposition of Li during discharge and its high reac-
tivity. To alleviate this problem, novel Li-rechargeable cells
using carbon-lithium intercalation compounds as the anode
material have been recently developed and commercialized
[1-6]. They are called ‘rocking-chair cell’ or ‘lithium-ion
cell” because of the innovative mechanism and performance.
They bring numerous advantages over Li metal, most notably
in safety, cost, charge/discharge cycle characteristics and
flexibility in cell design.

To date, organic electrolytes have been practically used in
the commercially available batteries. However, the electro-
lyte is not always necessary to be based on organic solvents
which may cause serious problems such as its leakage and
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combustion, self-discharge, and even explosion of the decom-
posed products in very rare cases. Solid electrolytes would
be a possible replacement for the electrolytes, with which we
may expect several advantages over liquid-electrolyte coun-
terparts, i.e., safety operation, long shelf life. wide operating
temperature range, ease of miniaturization, etc.

Furthermore, for the solid-state Li cells, carbon-based
materials are more attractive, because, unlike Li metal, they
are expected to show relatively good compatibility with poly-
crystalline electrolytes allowing intimate interfacial contact
with a large interface area, simply by mixing with polycrys-
talline electrolyte and pressing the mixture.

Among representative families of polycrystalline Li elec-
trolytes based on oxides are y;-LizPO,-type solid solutions
[7.8]. Li-substituted NASICONSs [9.10], and A-site defi-
cient perovskites [11,12]. Despite their high intragranular
(bulk) conductivity, they exhibit rather lower total conduc-
tivity after sintering, still much lower conductivity without
sintering. Thus, they unlikely show good compatibility with
polycrystalline electrode materials without sintering.

Li;N [13-15] has a bulk conductivity as high as 107* S
cm™' at room temperature, while the low decomposition
voltage, 0.45 V, and the difficulty in sintering prevent its
application. Several quasi-binary and -ternary compounds
such as LisNI, have been synthesized to alleviate the draw-
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backs [ 16,17]. Furthermore, we expect that the incorporation
of large, deformable iodide ions bring the merits: the resultant
electrolyte shows good compatibility with electrode materi-
als, and the total conductivity of the as-pressed compact is
not much lower than the bulk conductivity. This would allow
cell construction without sintering by cold-pressing the elec-
trolyte and electrode mixtures, as with solid-state cells using
silver and copper halide-based electrolytes [ 18].

This paper describes the synthesis of new intermediate
compounds in the quasi-binary systems Li;N-MI (M= Li,
Na. K. Rb). together with their electrical and electrochemical
properties. In addition, we also present preliminary results on
the solid-state Li-ion cell. C/3Li;N-KI/LiTiS,. which was
constructed simply by pressing the constituent powders.

2. Experimental

All chemicals used were reagent grade ( Wako Pure Chem-
ical). Li;N was synthesized by a direct reaction of Li lumps
{ >99%) with pure nitrogen gas (five nine) of 1.2 MPaina
pressure-proofed stainless-steel vessel, followed by anneal-
ing at about 85°C. The lumps of Li;N were crushed in a
stainless-steel mortar and finely ground in an alumina mortar.
Intimate mixtures of the powdered Li;N and MI (M =Li, Na,
K, Rb) were uniaxially pressed into pellets ( 12 mm in diam-
eter and 1.5-2 mm thick) at 300 MPa. Each pellet was
wrapped in a nickel foil, sealed in a silica tube under a nitro-
gen atmosphere and reacted at a temperature of 500-700°C
for 24 h. The products were reground prior to the use
described below.

A conductivity measurement cell was made by d.c. sput-
tering gold onto the opposite faces of the as-prepared (sin-
tered) pellet after removing a surface layer with lapping films.
Another cell was made with the ground product similarly by
pressing and sputtering to compare the conductivity of the
compact with that of the as-prepared pellet. The cell was
placed between the gold electrodes of a conductivity jig,
which was put in a Pyrex tube. The temperature of the cell
was controlled within 4+ 0.05°C in a range of — 30 to 150°C
with a programmable oil-bath and within +0.15°Cinarange
of 150-300°C with an electric furnace. The a.c. impedance
data were collected with an impedance analyser ( YHP
4192A) over the frequency range, f=5 Hz—13 MHz and
analysed in three interrelated formalisms [ 19]. the complex
impedance ( Z* ). the complex admittance ( ¥™), the complex
modulus (M*) to estimate bulk and total conductivity. Pow-
der X-ray diffraction analysis was made with a Rigaku RAD-
C system (Ni-filtered Cu Ka) and the Cell-series programs
[20].

The positive electrode material TiS, were synthesized by
a solid-state reaction between Ti and S, and LiTiS.. by treat-
ment of TiS, with a-butyllithium, according to the methods
described in the literature [21,22]. The cells of the type. Li
foil (1 mm)/E (0.1 g)/TiS, (0.1 g) (E: 3LizN-MI, D=1
cm). were assembled and discharged across a constant load

of 1 M} at 25°C to estimate the transference numbers of the
Lijon in the electrolytes approximately. The Li-ion cell, C,E/
E/LiTiS-.E (D=7 mm, L= ~ 1 mm, C: natural graphite NG-
7, Kansai Cork Chemicals, E: 3Li,N-KI), with a theoretical
capacity of 2.64 mAh (negative electrode capacity ) was also
constructed by pressing the electrolyte (42 mg) and the elec-
trode mixtures (negative electrode: 7mg C + 7 mg E. positive
electrode: 35 mg LiTiS, + 8.4 mg E) at 300 MPa. An Li
reference electrode (D=2 mm) was also attached beside the
carbon electrode to examine the polarization behavior of the
negative and positive electrodes.

The cells of the type, Li/as-prepared pellet (0.2 g)/Au
plate (D=2 mm), were also made for measurements of their
decomposition voltages. Charge/discharge tests and electro-
chemical measurements were carried out with a potentiostat
(Hokuto Denko. HA-501) and electrometers (Hokuto
Denko, HE-104). All the experiments which required avoid-
ing humidity and air were carried out under a dry atmosphere
of argon or nitrogen.

3. Results and discussion

The optimal reaction temperature was 600°C in the solid-
state reaction between Li;N and MI: the reaction did not
complete at 550°C, while the mixtures reacted considerably
with the Ni-foils above 650°C. X-ray diffraction analysis
showed that a single phase formed at the same composition
3Li;N-MI in each system. The samples were mixtures con-
taining Li;N on the Li;N-rich side and those containing MI
on the Ml-rich side.

The yellow products of 3Li;N-MI (M =Li, Na, K, Rb)
exhibited very similar X-ray diffraction patterns except for
slight changes in peak position and intensity. All the reflec-
tions were indexed in a tetragonal unit cell for all the inter-
mediate compounds. indicating that a new family of the
isomorphous compounds was formed. Table 1 lists the crystal
data including their lattice constants (a, ¢) and the most
probable space group selected by the Cell-series programs.

For the as-prepared (sintered) pellets of the 3Li;N-MI
compositions, all the complex impedance plots gave a nearly
perfect semicircle, due to the response of the bulk part, with
a low-frequency spike due to the response of the blocking
gold electrode—electrolyte interface, as with a single crystal.
This indicated that the total conductivities were equal to the
bulk conductivities on account of the negligibly small grain
boundary resistances, and that the intermediate compounds

Table 1
Crystal data for the intermediate compounds 3L1;N-M]

Composttion  Crystal system  Space group  Lattice parameter

3LisN-Lil Tetragonal 14,/ amd a=7339 (=10374
3L.1:N-Nal Tetragonal 14, /amd a=7327 (=10362
3Li:N-KI Tetragonal M, /amd a=7329 ¢=10.364
3Li:N-Rbl Tetragonal 14,/ umd a=7331 =10367
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had good sinterability. The parallel capacitances associated
with the semicircles were 5-8 X 1072 F, being reasonable
magnitude for the bulk response in view of the geometrical
factors of cell. Table 2 lists the total (bulk) conductivities of
the 3Li;N-MI compounds, which are high, 1.1X107*-
7.0x107° S cm ™' at room temperature. From a practical
point of view, total conductivity is more important than bulk
conductivity. No oxide-based conductors with a better total
conductivity than that of this family have been so far known.
Apart from amorphous materials, the total conductivity is
rivaled only with those of LisN [13-15] and LisN-LiOH-
Lil [ 17]: however, their decomposition potentials have been
reported to be 0.45 and ~ 1.6 V, respectively.

Fig. 1 shows the Arrhenius plots of conductivity for the
intermediate compounds, indicating that the plots follow the
Arrhenius equation well. No changes in the slopes are
observed, suggesting that the intermediate compounds are
stable in the temperature range from —20 to 300°C. The
activation energies, A H, for Li-ion conduction were 0.32-
0.43 eV, calculated over the same temperature range. The
pre-exponential factors, o, are listed in Table 2. together
with A H. Interestingly, the 3Li;N-Lil compound are larger
in AH, oy, a, and ¢ than the others.

For the as-pressed compacts of the intermediate com-
pounds, the complex impedance plots showed a single but
deformed semicircle. The associated parallel capacitances.
3-7x 10~ "' F, were somewhat larger than those for the bulk

Table 2
Conductivity data of the intermediate compounds 3Li;N-MI *

Composition  o{t) log(ay) AH o(p)
(Sem™') (Sem™'K)  (eV) (Sem ™)
3L1;N-Lil 7.0x107° 559 0.43 23x107°
3L1:N-Nal 91x10~° 4.19 034 20%x107°
3L13N-KI 1L.ox107* 4.23 034 1.5x1073
3LisN-RbI [1x107* 393 032 18X 1073

* g (t): total (bulk) conductivity at 25 °C of the as-prepared pellets; o, pre-
exponential factor calculated from the Arrhenius plots; AH: activation
energy for Li conduction; o (p): total conductivity at 25 °C of the as-pressed
pellets
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Fig. I Arrhentus plots of ionic conductivity for intermediate compounds
3LisN-MI (M ="L1.Na, K, Rb).

semicircles of the as-prepared pellets. The distortion probably
results from the overlap of the bulk response with the response
due to grain boundary or/and a polluted layer. All the com-
pacts still maintained total conductivities higher than 107> S
cm ™' at room temperature, as listed in Table 2. We also
prepared the as-pressed compact and as-prepared pellets of
the powdered Li;N under the same preparation conditions as
those for the 3Li:N—-MI electrolytes. The bulk conductivities
of both were about 107 S cm ™' at room temperature, while
the total conductivities were low, 1.0 X 107°S ¢m ™' for the
as-pressed pellet and 2.1 X 107° S cm ™' for the as-prepared
pellet. The incorporation of iodide ions thus brought the merit
that the as-pressed compacts had not much lower conductiv-
ities than own bulk conductivities without sintering. unlike
oxide-based electrolytes and Li;N.

The Li/3Li;N-MI/TiS, cells had open-circuit voltages of
2.51-2.56 V at 25 °C and were capable of delivering contin-
uous currents more than 2.5 wA cm ™~ 2 across a constant load
1 M£), keeping cell voltages more than 2.2 V for at least 10
h. This revealed that the Li transference numbers in the inter-
mediate compounds were almost unity. The decomposition
voltages of the 3Li;N-MI compounds were approximately
2.5-2.8 V. much higher than those of Li;N and the Li N~
Lil-LiOH electrolyte. The results are summarized in Table 3.

The as-assembled cell C/3Li;N-KI/LiTiS, was initially
charged up to 10% of the theoretical cell capacity ataconstant
current of 10 wA cm ™~ and then discharged at a constant
current of 15 pA cm ™7 to a cutoff vollage of 1.0 V. After
that, the cell was subjected to charge/discharge cycling tests,
because the charge/discharge characteristics were consider-
ably bad without this pretreatment. The depth of charge was
about 7% of the theoretical cell capacity at the start of the
first cycle. Fig. 2 shows the charge/discharge curves of the
Li-ion cell, Li,Cq/3Li;N-KI/Li, TiS,, demonstrating that the
cell works as an Li-ion cell. The coulombic efficiency was
87% at the first cycle. The charge/discharge characteristics
remained almost unchanged at the 10th cycle; the coulombic
efficient was 89%. The results illustrate that the cold-pressed
compact of the 3Li;N-KI powder can be used without sin-
tering the electrolyte in Li-ion microcells.

The polarization behavior in the cell was examined to know
which electrode is more responsible for the polarization dur-
ing the charge/discharge cycle. Fig. 3 shows the polarization
curves of both electrodes which were measured immediately

Table 3
Electrochemical properties of the intermediate compounds 3L1;N-MI *

Composition Vg (V) Voev (V) Vaw (V)
3Li,N-Lil 2.6-2.7 2.52 23
3Li;N-Nal 2.6-27 2.51 23
3Li;N-KI1 2526 253 225
3L1;N-Rbl 2526 256 2.25

* V,: decomposition voltage; V.t open-circuit voltage at 25°C of the Li/
TiS, cell; V,,.: cell voltage after discharge for 10 h at a constant load of
1 MQ at 25°C.
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Fig. 2. Charge/discharge curves at a constant current of 15 pA cm ™~ for
the solid-state Li-1on cell, C/3L1;N-KI/LiTiS,. at 25 °C Cutoft voitage
1.0V (discharge); 2 46 V {charge at the st cycle), and 2.53 V (charge at
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Fig 3. Polarization curves of both electrodes for the sohd-state Li-ion cell,
C/3L1:N-KI/LiTiS,. at 25°C

after the charge (cutoff voltage: 2.55 V) at the 11th cycle.
The anodic polarization was very similar to the cathodic
polarization both for the LiTiS. and Li,C, electrodes.
Although the polarization of both electrodes was not serious,
the polarization of the Li,C, electrode was twice larger than
that of the 1.i,TiS, electrode both in anodic and cathodic
directions. When the cell was on open circuit, the potential
of the electrode was always more positive than that of the Li
reference electrode, even immediately after the charge at a
rate of 20 pA cm ™ “. This indicated that Li intercalation took
place without deposition of Li metal on the Li,C, electrode.
The most serious problem with the Li-ion cell is that upon
continuous charging beyond 20% of the capacity, the cell
voltage and the potential of the Li,TiS, electrode began to
rise simultaneously. leading to the deterioration of the cycle
characteristics. The polarization is probably associated not
with the irreversible decomposition of electrolyte but with
slow diffusion of Li in the Li, TiS, electrolyte—electrode mix-
ture, because no permanent increase in cell resistance was
observed in the subsequent discharge. Further optimization
studies on the cell design and the electrode mixtures have to
be made to improve utilization and cycleability. To our
knowledge, the cell presented here is the first solid-state Li-

ion cell working at ambient temperature. based on polycrys-
talline materials including carbon materials. and that is
fabricated simply by pressing powdered electrolyte and elec-
trode materials.

4. Conclusions

New intermediate compounds 3Li;N-MI (M = Li. Na, K,
Rb) were found in the quasi-binary systems Li;N-MI. They
were isomorphous and had a tetragonal unit cell. Their
sintered bodies exhibited high Li-ion conductivity of
1.1X107%-7.0X10"° S cm ' at room temperature. The
grain boundary resistances were negligibly small because of
their good sinterability. The decomposition voltages were
approximately 2.5-2.8 V, much higher than that of Li;N.
Even the compacts of the powdered compounds showed total
conductivities more than 1077 S cm ', This allowed the cell
construction of the solid-state Li-ion cell, C/3Li;N-KI/
LiTiS.,, simply by pressing the powdered electrolyte and elec-
trode materials. The cell was able to charge and discharge at
a constant current of 15 pA cm ™~ at room temperature; how-
ever, severe polarization in the positive electrode limited the
charge/discharge performance.
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