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New Double Chloride in the LiCl-CoCl, System
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The phase diagram of the LiCI-CoCl, system has been determined by X-ray diffraction and differential
thermal analysis. The system contains two intermediate compounds, LicCoClg, with the MgsMnOs-
type structure, and Li,CoCl,, with a related spinel structure. The crystal structure of LisCoCls was
determined by X-ray powder Rietveld refinement at room temperature. This phase has the MgiMnOsg-
type structure with ordered cations and vacancy arrangement over octahedral sites, and its cubic
lattice parameter is a = 10.2584(3) A. LixCoCl, turns reversibly into the LiCl-type structure at 350°C.
The electrical conductivity measurements showed a high ionic conductivity of 9.3 x 1072 S cm™! at

400°C. © 1987 Academic Press, Inc.

Introduction

Lithium ion conductors have received
considerable attention during the past de-
cade as electrolyte materials for solid lith-
ium batteries. Recently, the intermediate
compounds in the LiCI-MCl, (M = Mg, V,
Mn, Fe, Cd) system have been studied from
the standpoint of high lithium ion conduc-
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tivity (/-5). The chloride spinels Li,MCl,
(M = Mg, V, Mn, Fe, Cd), reported to have
the inverse spinel structure (6), showed a
high lithium ion conductivity of around 0.1
S cm™! at 400°C. The values of the con-
ductivity at elevated temperatures are com-
parable to or greater than those for the
high lithium ion conductors reported previ-
ously. The formation of intermediate com-
pound with a formula LisMClg has been re-
ported only in the LiCI-VCl, system (7).
LigVClg has the MgdMnOQOs-type structure,
which is isostructural with the so-called Su-
zuki-type phase. It corresponds to a super-
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structure of LiCl, where the cations and va-
cancies are ordered in the cation sublattice.
Measurement of NMR (8) confirmed the
lithium ion mobility with the activation en-
ergy of ~40 kJ mole~!.

Whereas the intermediate compounds
such as Li;MCl, and LigMClg were well
characterized in the LiCI-MCl, (M = Mg,
V, Mn, Fe, Cd) system, neither the spinel
nor the Suzuki-type phase has been re-
ported for the LiCl-CoCl, system. The
phase diagram of the system was con-
structed using differential thermal analysis
(DTA) measurements by von Seifert (9) in
1961. Three intermediate phases, Li;CoCls,
Li,CoCly, and LiCoCls, were suggested.
The precise structural study, however, has
not yet been reported. This may be due to
difficulties in identifying reaction products,
the X-ray patterns of which showed a close
resemblance to those of the starting mate-
rials. The difficulties arise also from a slight
structural distortion of the intermediate
compound as described in a later part of
this paper. Nevertheless, the double cobalt
chlorides containing lithium would be ex-
pected to have high ionic conductivity by
analogy to other chlorides.

The purpose of the present study is to
confirm the intermediate phases in the
LiCl-CoCl, system and to measure their
electrical properties. To obtain the conclu-
sive phase relation, we prepared more than
30 different samples, analyzing them with a
powerful X-ray diffractometer, a high-tem-
perature X-ray diffractometer, and a DTA
measurement. As a result, we confirmed
two intermediate compounds, LisCoClg,
with the MggMnQOs-type structure, and Li,
CoCl,, with a related spinel structure. Both
compounds have high ionic conductivity at
higher temperatures and show the transi-
tion from the low to high conducting state.
We report here the phase diagram of the
LiCl-CoCl, system. Further, the structure,
the phase transition, and the ionic conduc-
tivity of LisCoCly are also reported. Li,Co
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Cly with a related spinel structure will be
reported in a forthcoming paper (10).

Experimental

Lithium chloride and cobalt dichloride
were anhydrous materials (Nakarai Co.,
>99% purity). They were carefully dried
under vacuum (~1 Pa) at 300°C. The melt-
ing points of these chlorides were in good
agreement with the reported values. The
appropriate quantities of LiCl and CoCl,
were ground together and were pressed into
a pellet at 60 MPa in a nitrogen-filled glove
box. The pellets were then heated in an
evacuated Pyrex tube at 400°C for 1 week.
X-ray diffraction patterns of the powdered
samples were obtained using monochro-
mated CuKea radiation and a scintillation
detector. A high-power X-ray powder dif-
fractometer (Rigaku RAD 12kW) was also
used to determine the intermediate com-
pounds. A sample holder has an aluminum
window 7 um thick to prevent attack by
moisture during the measurement.

X-ray powder diffraction data for Riet-
veld analysis were collected on the poly-
crystalline sample of LiCoClg with CuKa
radiation using a high-power X-ray powder
diffractometer equipped with a graphite
monochromator. The sample was kept un-
der He atmosphere during measurement.
Diffraction data were collected by step
scanning over an angular range of 10° < 26
< 100° in increments of 0.02° at room tem-
perature.

The structural refinement of X-ray data
was performed using the Rietveld analysis
computer program RIETAN provided by
Izumi (11). All computations were carried
out at the Crystallographic Research Cen-
ter, Institute of Protein Research, Osaka
University. Reflection positions and inten-
sities were calculated for both CuKa; (A =
1.5405 A) and CuKa, (A = 1.5443 &) with a
factor of 0.5 applied to the latter’s calcu-
lated integrated intensities. The profile
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function was a pseudo-Voigt function with
the mixing parameter y included in the
least-squares refinement.

The high-temperature phases were exam-
ined using a high-temperature X-ray dif-
fractometer. The diffraction patterns were
taken in a dry nitrogen atmosphere. Silicon
powder was used as an internal standard to
determine the lattice parameters. Differen-
tial thermal analysis was carried out for the
samples sealed in silica glass containers un-
der vacuum. a-Al,O; was used as a stan-
dard. The heating and cooling rates were
1.5°C/min.

The electrical conductivities were mea-
sured in the temperature range between
room temperature and 500°C in a dry argon
gas flow. A sample of about 0.5 g was
pressed into pellets. Blocking electrodes
were deposited on both sides on the pellets
by evaporating gold. The conductivity was
obtained by ac impedance measurement us-
ing a HP4800A vector impedance meter
over a frequency range of 5 Hz-500 kHz.

Experimental Results and Discussion

Phase Diagram of the LiCl-CoCl, System

We constructed the phase diagram,
shown in Fig. 1, using X-ray diffraction and
DTA measurements in order to character-
ize phases existing in the system. The X-
ray diffraction data were studied for the
samples prepared at 5 mole% intervals and
also for 14.3 mole% CoCl, (LigCoClg) and
33.3 mole% CoCl, (Li;CoCly). A reinvesti-
gation of this system confirmed two in-
termediate compounds, LisCoClg and
Li,CoCl,. The X-ray pattern of the sample
containing 14.3 mole% CoCl, (LisCoCls)
showed a striking resemblance to that of
lithium chloride. However, some extra
lines which could not be indexed by LiCl!
were observed. Intensity of the extra lines
increased linearly with CoCl; content from
0 to 14.3 mole%. The samples containing
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F16. 1. Phase diagram of the LiCl-CoCl, system.
HT and LT indicate the high- and low-temperature
phases, respectively.

more than 14.3 mole% CoCl, showed addi-
tional diffraction lines. These results indi-
cate the existence of an intermediate com-
pound with a formula of LigCoCls.

The samples containing 14.3-33.3 mole%
CoCl, showed extra X-ray diffraction lines
which could not be indexed by LisCoCls.
The lines due to CoCl, were not observed in
the samples containing less than 33.3
mole% CoCl, (Li;CoCls). The intensity of
the extra lines such as d = 2.569 and 1.794
A increased in proportion to CoCl, content,
and the maximum intensity was observed in
the sample with 33.3 mole% CoCl,. These
results indicate the existence of an interme-
diate compound with the content of 33.3
mole% CoCl, (Li;CoCly). The diffraction
pattern of Li,CoCl, showed a strong resem-
blance to the cubic chloride spinels Li,MCl,
(M = Mg, Mn, Fe, Cd). Some lines, how-
ever, partially split into doublets. The pre-
cise structural description of Li,CoCl, will
be reported in a forthcoming paper (10).
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TABLE I 4a M 0,0,0
. M 1
RIETVELD REFINEMENT RESULTS FOR LigCoClg 4b Vacant site 3, 3, 3
24d Na 0,1, 10,14 4, 0;
Scale factor 0.00859(7) 0 1 3. % 0 1.1 3
FWHM parameter U 0.268(26) >4y 4545 Vs 45 45 4,
v _0'154(19) Sc Cl(l) i” %’ %; %, %’ %
w 0.064(4) . . .
Asymmetry parameter 0.129(25) 24e Cl(2) u, 0’ 0’ 0’ u, 0’ 0’ 0’ us
Gaussian fraction 0.381(22) -u,0,0,0, —u, 0;
FWHM (Gauss)/FWHM (Lorentz) 1.66(8) 0 0 _
Lattice constant a (&) 10.2584(3) » U, —U

Fractional coordi-
nates

Atom Site Occupancy x y z B(AY
Li 24d 1 0 0.25 0.25 0.3(14)
Co 4a 1 0 0 0 1.9(6)
CK1) 8c 1 0.25 0.25 025 1.%6)
Cl(2) 24e 1 0.243(1) 0O 0 1.4(3)

LiCoCl, melts congruently at 505°C. The
eutectic points are shown at 500°C around
both 30 and 38 mole% CoCl,.

X-Ray Characterization of LisCoClg

All the diffraction lines of LisCoClg were
indexed by a cubic unit cell with a = 10.26
A, which is a factor of two larger than the
unit cell of LiCl, a = 5.1396 A. Diffraction
extinctions (hkl present only with & + k, k
+ [, 1+ h = 2n, 0kl only with &k, | = 2n, hhl
only with 1 + [ = 2n, h00 only with A = 2n)
were characteristic of space group Fm3m.
The pattern showed a close resemblance to
that of LigVClg which is isostructural with
the so-called Suzuki phase, NagMClg (M =
Mg, Mn, Fe, Cd) (7, 12). The structure of
NagMCly was determined to be isostruc-
tural with the double oxide Mg¢MnOg using
a neutron diffraction method (13). This cor-
responds to a superstructure of the LiCl-
type structure with an ordered arrangement
of cations and vacancies over octahedral
sites. Divalent metal ions situated in the or-
igin of the cell form the unit cell, and the
vacancy is in the body center of the cell.
Sodium ions are placed in the 24 octahedral
sites, and the chloride ions form the cubic
close packing with the u parameter about %.
Each position is shown as follows:

Rietveld refinement of the structure of
LigCoClg proceeded in a straightforward
manner. Initial coordinates for all atoms
were taken as those of the MggMnOg-type
structure as pointed out above. The refine-
ment was done in stages: the atomic coordi-
nates and thermal parameters were fixed in
the initial calculations and subsequently al-
lowed to vary only after the scale, back-
ground, half-width, and unit cell parame-
ters were close to convergence on their
optimum values. The final structural pa-
rameters are presented in Table I. Refine-
ment proceeded to the agreement factors
R,, = 29.50, R, = 24.92, and Rp = 27.56.
(The agreement factors are based on
weighted profile fits, profile fits, and Bragg
intensities, respectively.) For further re-
finement, we assumed the extra conditions
that the Co?* ions or Li* ions are partially
disordered: the disorder for the Co?* ions
on the 4a and 4b vacant sites and on the 4a
and 24d lithium sites, and for the Li* ions
on the 24d and 4b vacant sites. Better
agreement factors, however, could not be
obtained using the above hypotheses. Table
II shows bond distances and angles for
LisCoCl; calculated from the X-ray refine-
ment results listed in Table I.

LicCoCl; has the superstructure of the
LiCl-type structure with the ordered ar-
rangement of cations and vacancies over
octahedral sites. The CoClg octahedra are
isolated from each other in the structure.
The cubic close packing of the chloride ions
is slightly distorted with the positional « pa-
rameter of 0.243. (u = } corresponds to the
ideal cubic close packing.)
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TABLE 11
BoND LENGTHS AND ANGLES FOR LigCoClg

Distance or angle

(A or degree)
Lithium—chlorine octahedron
Li-CI(1) (x2) 2.5646(1)
Li—CI(2) (x4) 2.5654(3)

CI(1)-Li-Cl1(2) (x8) 90

CI(2)-Li-Cl(2) (x2) 87.1(3)
CI(2)-Li-C1(2) (x2) 92.8(3)
Cl(1)-Li—-CK1) 180
Cl(2)-Li-CI(2) (x2) 180
Cobalt-chlorine octahedron

Co-Cl(2) (x6) 2.499(12)
ClI(1)-Co-CI(1) (x12) 90
Cl(1)~Co-CI(1) (x3) 180

Electrical Conductivity and
Phase Transition

The temperature dependence of the con-
ductivity, o, of LisCoCls is shown in Fig. 2.
This phase was found to have high ionic
conductivity particularly at higher tempera-
tures. The Arrhenius plots show a change
in slope around 360°C. The activation ener-
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Fi1G. 2. Temperature dependence of the conductivity
of LigCoCls.
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gies were calculated to be 82 kJ mole™! be-
low the knee, and 36 kJ mole™! above the
knee in conductivity curve. The conductiv-
ity of the Suzuki-type phase LigCoClg (o =
9.3 x 1072 S cm™~! at 400°C) is higher than
that of lithium chloride (o = 1.6 X 1073 S
cm™! at 400°C (14)). These results are con-
sistent with the previous results on LigVClg
that the introduction of 12.5% cation vacan-
cies in the LiCl structure increased the lith-
ium ion mobility with respect to that of
‘“‘stoichiometric’” LiCl. The Suzuki-type
phase NagCdCls was also reported to have
higher conductivity than that of the stoi-
chiometric compound NaCl (15).

Figure 3 shows the DTA curves for
LisCoClg, where the endothermic peak was
observed at 350°C on heating. X-ray dif-
fraction patterns at higher temperatures
showed that some lines, such as (111),
(200), and (311), vanished at 350°C and that
the LiCl-type superstructure turned revers-
ibly into the LiCl-type structure. It corre-
sponds to a structural change from the su-
perstructure of LiCl with perfect ordering
between cations and vacancies to a disor-
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dered structure. The reversible phase
change of the Suzuki-type phase was also
reported for LisVClg (7).

Figure 4 shows the temperature depen-
dence of the lattice parameter a of
LigCoCls. The lattice parameter of the LiCl-
type structure is multiplied by a factor of 2
and plotted in the same figure. The lattice
parameter increases linearly with tempera-
ture and no change in slope was observed
around 350°C. The break point in the con-
ductivity curve around 350°C corresponds
to the change in cation arrangement from
an ordered to a disordered state. The pre-
vious conductivity measurements on the
Suzuki-type phases NagCdClg (15) and
LisVClg (16) did not reveal high ionic con-
duction for the high-temperature disor-
dered phase. The lower activation energy
observed for high-temperature LisCoClg
confirmed that the cation arrangement on
the octahedral sites may play an important
role for ionic motion. Our result is consis-
tent with the NMR data on LigVClg that the
ordered phase had higher activation energy
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(E = 36.7 k] mole~!) that the disordered
one (E = 24.1 kJ mole™!) (8). The values of
activation energies on NMR, however, are
smaller than those obtained by conductivity
measurements in this study (E = 82 and 36
kJ mole~! for low- and high-temperature
phases, respectively).

The smooth change in slopes in the con-
ductivity curves was also shown in the
chloride spinels Li,MCl, (1-5). The activa-
tion energy decreased above the break
point, which corresponds to the structural
change from the low to high conduction
state (17). For the Suzuki-type phase
LisCoClg, the lower activation energy
above the break point in the conductivity
curve indicates that the transition from the
ordered to disordered cation distribution
phase also corresponds to the transition
from a low to high conducting state.
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