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A new double chloride spine1 Li$rC& was prepared and characterized by Rietveld X-ray structure 
refinement, differential thermal analysis. high-temperature X-ray diffraction analysis. and electrical 
conductivity measurement. The new phase has c‘21c symmetry with lattice parameters LI = 7.446(l), 
h = 10.162(2), c = 10.172(l) A, and y = 132. I l(1)“; its monoclinic (m) unit cell is related to that of the 
parent cubic spine1 (c) according to a,,, - ;I’? u,, h, - a,, and c,,, - a,. The structure is a 1 : I ordered 
type with Cr*+ and Liz* ions occupying the octahedral sites. The ordered CrClh octahedra elongation 
caused by the strong cooperative Jahn-Teller effect of d? state leads to a lattice deformation from 
orthorhombic to monoclinic symmetry. The monoclinic phase turned reversibly into the cubic spine1 
through the two-phase region of 222-305°C. LizCrC14 showed a high ionic conductivity of 6.3 x 10 ~2 S 
cm ’ at 4OO”C, and its ionic conduction is discussed in comparison with other chloride spinels, LizMClj 
(M = Mg, Mn, Fe, Co, Cd). C 198X Academic Pres. Inc 

Introduction 

The spine1 systems, Li2-zxMI+.C14 (M = 
Mg, V, Mn, Fe Cd) have attracted consid- 
erable interest not only because of their 
high ionic conductivity, particularly appar- 
ent at moderate temperature (l-5), but also 
because of the transition from a low to a 
high ionic conducting state exhibited by 
gradual displacement of lithium ions (6, 7). 
The chloride spinels are reported to have 
the inverse structure in which half of the 
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lithium ions are tetrahedrally surrounded 
by chloride ions and the other half, together 
with the iW+ ions, are distributed statisti- 
cally over the octahedral sites (6, 8). The 
chloride spinels have a high ionic conduc- 
tivity of around 0.1 S cm-’ at 4OO”C, the 
value of which is comparable to or greater 
than those for the high lithium ion conduc- 
tors reported previously. 

As a part of our work on halide spinels, 
we recently reported new spinels with dis- 
torted structure, Li2MBr4 (M = Mg, Mn) (9) 
and L&MCI4 (M = Fe, Co) (IO, If). Struc- 
tural study using the X-ray Rietveld method 
revealed that the orthorhombic distortion in 
Li2MC14 (M = Fe, Co) was caused by a 1 : 1 
ordering of the Li+ and M’+ ions on the 
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octahedral sites such that the lithium ions 
which occupy the B sites lie along the h- 
axis and the metal divalent ions lie along 
the u-axis. Conductivity measurement has 
shown that the orthorhombic distortion 
causes a considerable degradation of lith- 
ium ionic conduction. The orthorhombic 
spine1 transformed at a high temperature to 
the cubic spine1 which showed particularly 
high ionic conduction. 

No spine1 formation has been reported 
for the LiCl-CrC12 system, while in the 
LiCl-MC12 (M = Mg, V, Mn, Fe, Co, Cd) 
systems, the intermediate compounds such 
as the spine1 structure (I-11) and the Su- 
zuki-type phase (12) were found and were 
well characterized. The phase diagram of 
the LiCl-CrC12 system constructed by 
Seifert and Klatyk in 1964 (13) suggested 
the existence of intermediate compounds; 
neither the composition nor the structure, 
however, has been confirmed. Identifica- 
tion of reaction products was found to be 
rather difficult partly because their X-ray 
diffraction pattern are similar to those of 
reactants, and partly because the strong 
Jahn-Teller effect of Cr2+ ions resulted in 
structural distortion as described later. 
Nevertheless, the double chromium chlo- 
ride containing lithium, if it exists, may 
have a high ionic conductivity, and its 
structural distortion which might be caused 
by the Jahn-Teller effect will be of particu- 
lar interest from a structural viewpoint. 

The purpose of this study is to clarify the 
intermediate compound in the LiCl-CrC12 
system. We assumed the existence of LilCr 
Cl4 by making a structure field map and 
consequently were able to prove its exis- 
tence. The structure was determined by an 
X-ray Rietveld analysis and the phase tran- 
sition was studied using DTA and high-tem- 
perature X-ray diffraction measurements. 
The monoclinic structure was found to 
transform to the cubic spine1 and succes- 
sively to a defect NaCl-type structure. The 
ionic conduction in L&CrCL will be dis- 

cussed in comparison with other chloride 
spinels. 

Experimental 

Anhydrous lithium chloride, chromium 
dichloride, cobalt dichloride, and manga- 
nese dichloride were used: LiCl, CoC12, Cr 
Cl?: Nakarai Co., >99% purity; MnC12: 
Alfa Products. Reactants were dried care- 
fully under vacuum (-I Pa) at 300°C; their 
melting points were in good agreement with 
reported values. The appropriate quantities 
of reactants were ground together, pressed 
into a pellet of 60 MPa in a nitrogen-filled 
glove box, and heated in an evacuated Py- 
rex tube at 400°C for 1 week. X-ray diffrac- 
tion patterns of the powdered samples were 
obtained using both monochromated CuKa 
and CL&~ radiation and a scintillation de- 
tector. A 7-,um-thick aluminum window 
covered the sample holder to prevent mois- 
ture attack during the measurement. 

X-ray powder diffraction data for Riet- 
veld analysis were collected on a poly- 
crystalline sample of LizCrCIA with CuKcv 
radiation using a high-power X-ray 
powder diffractometer (Rigaku RAD 12kW) 
equipped with a graphite monochromator. 
The sample was kept under a He atmo- 
sphere during measurement. Diffraction 
data were collected by step scanning over 
an angular range of 10” 5 28 5 100” in incre- 
ments of 0.02” at room temperature. 

The structural refinement of X-ray data 
was performed using the Rietveld analysis 
computer program RIETAN provided by 
Izumi (14). Reflection positions and intensi- 
ties were calculated for both CuKai (h = 
1.5405 A) and CUKCQ (A = 1.5443 A) with a 
factor of 0.5 applied to the latter’s calcu- 
lated integrated intensities. A pseudo-Voigt 
profile function was used; the mixing pa- 
rameter y was included in the least-squares 
refinement. 

High-temperature phases were examined 
using a high-temperature X-ray diffractom- 



eter. Diffraction patterns were taken in a TABLE 1 

dry nitrogen atmosphere with silicon pow- CRYSTAL STRUCTIJREOFA~LX&TYPE COMPOUNDS 
der as internal standard. Differential ther- 
mal analysis (DTA) was carried out for Coordmat1on 

number 
samples sealed in evacuated silica glass 
containers with a-A&O3 as a standard. Compound Crystal \tructure A 1”” n 10” Kcferrnce 

Heating and cooling rates were 1 .S”C/min. LIIM~CI~ (8) 

Electrical conductivities of -0.5 g Li2VCII (151 

pressed pellets were measured in the tem- 
LI>CTClq Spmel \tructure 4.b 6 Thl\ \tud) 
LigvfllCIJ (HI 

perature range between room temperature I.i2FeC14 (X. III 

and 500°C in a dry argon gas flow. Blocking 
LILCOCll IiUl 
LizCdCId (8) 

electrodes were deposited on both sides of 
the pellets by evaporating gold. The con- 

LI?ZOCII (16) 
Na$2Xl~ Ollrlne \tr”C,“rC h 4 l/h) 

ductivity was obtained by ac impedance NazZnCla (16) 

measurement with a HP4800A vector im- NazMnCla I171 

pedance meter over a frequency range of NaaMpCln l/Xl 

5 Hz-500 kHz. Resistances were derived 
NazFeCId Sr?PhO<-type rtructure 7 6 (181 
Na>CdCId l/RI 

by interpretation of the complex imped- 
ance plane diagram of the data. KNO C/Y) 

K#X% (20) 
Cs2CrCIJ (201 
CslMnCla (21) 
Cr~CdCI~ (22 1 

Results and Discussion Cs~cacl~ (23 ) 
Cs:YbClr K:NiFa-type structure Y 6 124) 

I. Structure Field Map of AzBCI~ 
KhzMgCId (2s 1 
Rb0CIJ 120) 

Compounds Rb>MnCId (26 1 
KbzCuCl4 (271 

Previous studies on double chlorides Rb>CdCId (28 ) 

have clarified six high ionic-conductive K>ZnCld (29) 

compounds with the spine1 structure LizM RhzZnCla (30) 
RhzCoCI4 (30) 

Cl4 (M = Mg, V, Mn, Fe, Co, Cd). Interre- CszMgCl~ C/Y) 

lating the chloride spinels to other A2BC14 Cazcocld P-K?SOd-type structure 9-10 4 I31 I 
CS$?UCI~ 127) 

compounds and, further, predicting a new Cs2ZnC14 I.?/, 

compound having the spine1 structure, K>EuCld Th,Pa-type structure x R I.121 
which is suitable for high ionic conduction, K:SrCl4 (32 I 

are interesting problems. In Table I are 
summarized the crystal structures of A2B 
CL-type metal chlorides reported previ- 
ously. These compounds can be conve- well delineated. The map closely resembles 
niently grouped into six general structure that for oxides (34); only the Th3P4-type 
types. The primary factor that controls the does not occur for the oxides. The field map 
occurrence of a particular structure is the shows in general that the larger the ionic 
size of A+ and B2+ cations. The structure radius, the higher is the coordination num- 
field map showing radius of cation A+ ver- ber. The spine1 structure can be found only 
sus radius of cation B2+ is the best way to for lithium ion as A+ cation, while the ionic 
interrelate these structures. The structure radius of B2+ cation ranges from 0.86 
field map for A2BC14 compound is shown in (Mg2+) to 1.09 (Cd2+) A. This suggests a 
Fig. 1, where Shannon radii (33) are used new spine1 chloride with divalent chromium 0 
throughout. Six structure fields are fairly ion (0.94 A). 

PREPARATION AND CHARACTERIZATION OF LizCrUd 43 
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FIG. 1. Structure field map for A2BC14 compounds. 

2. Synthesis and Lattice Distortion 
X-Ray diffraction measurement over the 

whole composition range in the LiCl-CrCl? 
system has clarified a new intermediate 
compound around a composition of 33.3 
mole% CrC&. We thus determined the com- 
position of the new phase by making sam- 
ples near 33.3 mole% CrC12 at 2-5 mole% 
CrC12 intervals. The intensities of the addi- 
tional peaks due to LiCl decreased from 10 
to 33.3 mole% CrC12, while in compositions 
of 36, 38, and 40 mole% CrC&, the addi- 
tional X-ray peaks due to CrC& were ob- 
served. This indicates that the composition 
of the new phase is LizCrCld and that the 
solid solution represented by L&&r, +,$I4 
exists only within a limited range. The X- 
ray diffraction pattern of Li2CrC14 is similar 
to that of the orthorhombic spine1 L&MU, 
(M = Fe, Co) (10, 11); its orthorhombic 
lattice, caused by a 1 : I ordering of the Li+ 
and hP ions on the octahedral sites, was 
characterized both by the X-ray extra re- 

flections such as (002),, (020),, and (200)” 
and by the line splitting such that the cubic 
(400), line was split into the orthorhombic 
(220), and (004), lines with an intensity ratio 
of 2 : 1, where the suffixes c and o stand for 
the cubic and orthorhombic structures, re- 
spectively. The similar X-ray peaks of the 
new chromium spine1 L&CrCl, suggested 
that the new phase might have a structure 
closely related to that of the cobalt and iron 
spinels. However, the distortion of the 
chromium spine1 was apparently large since 
the line splittings into doublet or triplet in 
Li2CrC14 could not be indexed by the 
orthorhombic lattice. 

Attempts to prepare single crystals for 
structure determination were unsuccessful 
because of a large volume change on sam- 
ple cooling (see Section 4). We tried to 
determine the symmetry by making solid 
solutions with other chloride spinels; con- 
tinuously shifted X-ray diffraction angles 
from a known lattice in the solid solution 
system would facilitate indexing of the line 
splittings in L&CrCl+ 

The solid solution of the Li?CrCL,-LizMn 
Cl4 system was first studied. The spine1 
with manganese divalent ion, next to chro- 
mium ion in the first transition metal series, 
has been reported to have cubic inverse 
structure. The X-ray diffraction data, how- 
ever, revealed that the solid solution was 
formed only within a limited range of 0 
< x < 0.1 and 0.9 < x < 1.0 in Li?(Cr., 
Mn,-,)C&. The phase diagram constructed 
by both X-ray diffraction analysis and DTA 
measurement showed a large miscibility 
gap. 

We thus made the solid solution of the 
LizCrCId-Li$ZoCId system; the cobalt spi- 
nel LilCoCld has the orthorhombic lmmtl 
cell caused by the cationic ordering on 
the octahedral sites. The X-ray diffraction 
measurement on Li2(Crr-Co, --.JCld revealed 
monophasic properties with continuously 
shifted X-ray peaks for the whole range of 
solid solution. The brief description of the 
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FIG. 2. Lattice parameter change in the L&Cr,Co ( 
Cl1 system. 

line splittings is as follows. The orthorhom- 
bit (040),, (224),, and (400), lines, derived 
from the cubic (440), line, were resolved 
into quadruplet. The orthorhombic (020), 
and (200), lines, derived from the cubic 
(220), line, shifted into two lines without 
being split. The orthorhombic (004), and 
(220)” lines, derived from the cubic (400), 
line, also shifted into two lines. The diffrac- 
tion pattern of LizCrCIA was finally found to 
be indicative of a monoclinic lattice with 
cell constants, a = 7.565(4), b = 7.443(4), 
c = 10.179(S) A, and y = 94.76(6)“. Lattice 
parameter change in the Li2CrxCoI~.~C14 

system is shown in Fig. 2. It is apparent 
that the distortion increases with decreas- 
ing x value. The monoclinic cell (m) with 
the c-axis setting of “International Tables 
for X-ray Crystallography” (35) was ob- 
tained from the above cell (0) derived from 
Zmma by the following transformation: 

(: -:: $;j = if,). 

The new monoclinic cell (m) is related to 
the parent cubic spine1 (c) as follows: 

The relation among the cubic, orthorhom- 
bit, and monoclinic lattice is indicated in 
Fig. 3. Diffraction extinctions were ob- 
served as follows: hkl present only with k + 
1=2n,hkOonlywithh=2nandk=2n,Okl 
only with k + 1 = 2n, hO1 only with 1 = 2n, 
hO0 only with h = 2n, Ok0 only with k = 2n, 
and 001 only with 1 = 2n. They are charac- 
teristic of the space groups C21c and Cc. 

3. Structurul Refinement 
Refinement of the structure proceeded in 

a straightforward manner with centrosym- 
metric space group C21c using the spinel, 
LizCoClh, as a model. Initial coordinates 
were taken as follows: Li( l), 4e($, 0, Z) z - 
--A; Cr, 4ct; Li(2), 4b; Cl(l), 8f(x, y, z) x - 

b c’ brn 

FIG. 3. Relation between the distorted and cubic 
lattices. The subscripts c, o. and m represent the cu- 
bic, orthorhombic, and monoclinic lattices. respec- 
tively. 
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TABLE II 

RIETVELD REFINEMENT RESULTS FOR LilCrC14 

Fractional coordinates 

Atom Site Occupancy .Y v ; B (li’) 

Li(I) 
Li(2) 
CC 
Cl(I) 
CK2) 

4e 
4b 
4d 
8f 
8f 

I 0.25 0 -0.188(23) 1s.c IO) 
I 0 0 0.5 -3.5(24) 
I 0.50 0.25 0.25 O.lY(35) 
I -0.0023( 17) -0.0080( 14) 0.258(4) 0.21(43) 
I 0.0018(55) 0.746(6) 0.0073( I?) 0.78(37) 

0, Y - $, z - 0; U(2), 8fs-, 4’ - 0, z - t. 
The refinement was done in stages, with the 
atomic coordinates and thermal parameters 
held fixed in the initial calculations and sub- 
sequently allowed to vary only after the 
scale, background, halfwidth, and unit cell 
parameters were close to convergence to 
their optimum values. Refinement pro- 
ceeded to yield agreement factors R,, = 
21.96, R, = 17.52, and RB = 18.19 with ex- 
pected agreement RE = 3.06. Further re- 
finement taking into account the extra con- 

TABLE III 

BOND LENGTHS (A) AND ANGLES (“) 
FOR Li#.ZrCI, 

Lithium-chlorine octahedron 
Li(2)-CI( 1) (X2) 2.46(4)<’ 
Li(2)-Cl(2) (X2) 2.49(6) 
Li(2)-Cl(2) (X2) 2.77(3) 
Cl(l)-Li(2)-Cl(2) (X2) 86.7(4) 
Cl@-Li(?)-Cl(2) (X2) 88.7(3) 
Cl@-Li(2)-Cl(2) (X2) 89.9(15) 

Chromium-chlorine octahedron 
Cr( I )-Cl( I ) (X2) 2.778(Y) 
Cr( I)-Cl( 1) (X2) 2.472(16) 
Cr( I)-Cl(2) (X2) 2.469(12) 
Cl( I)-Cr-CI( I) (X2) 87.9(4) 
Cl( I)-Cr-Cl(2) (X2) 88..5(11) 
CI( I )-Cr-Cl(2) (X2) 87.0( 18) 

u The e.s.d.‘s presented here are estimates de- 
rived from the e.s.d.‘s of the atomic coordinates 
and are merely a guide to the reliability of each 
value. 

ditions, such as a partial disorder of the 
lithium ions and chromium ions on the octa- 
hedral B sites and statistical distribution for 
lithium ions on the A sites, was not done 
because of too many parameters for the re- 
finement calculation. Table II shows the 
final structural parameters for L&CrCl+ 
The cell parameters are u = 7.446(l), h = 
10.162(2), c’ = 10.172(l) A, and y = 
132.1 l(I)“. The interatomic distances and 
bond angles are listed in Table III. 

The structure of Li2CrC14 derived basi- 
cally from the inverse spine1 structure is 
isostructural with the orthorhombic spinel. 
Li2MC14 (M = Fe, Co) and is an ordered 
type with the chromium and half of the lith- 
ium ions occupying the octahedral B sites. 
The CrC16 octahedra are connected to each 
other along (110) direction by sharing 
Cl(l)-Cl(l) edges, whereas the LiClh octa- 
hedra are connected along (100) direction. 
Figure 4 shows a schematic drawing of the 
lithium and chromium octahedra. The dis- 
tortion of the CrC16 octahedra is apprecia- 
bly large (Cr-Cl: 2.47(x4), 2.78(x2)) and 
could be induced by the Jahn-Teller insta- 
bility of Cr?+ in the high-spin configuration 
d4 state. The octahedra are connected to 
each other such that the elongated octahe- 
dral axis ordered in the same direction. The 
cooperative Jahn-Teller effect therefore 
explain the elongation of the CrClh octahe- 
dra. 

The structures and bond distances of the 
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FIG. 4. The structure of Li2CrC14. The rows of Iith- 
ium and chromium octahedra (qualitative sketch). 

chloride spinels are summarized in Table 
IV. The structures can be classified into 
two groups. one the cubic spine1 and the 
other the distorted structure; the cubic 
spinels have inverse nature with random 
cationic distribution on the octahedral 
sites, while the distorted spinels are charac- 
terized by the 1 : I cation order on the octa- 
hedral sites. Since the distorted structures 
are stabilized at room temperature for Cr2+, 
Fe”, and Co” ions having d-electron con- 
figuration of d”, d”. and d’, respectively, 

the cooperative Jahn-Teller effect may ex- 
plain the cationic ordering on the octahe- 
dral sites. In addition, difference in ionic 
radii between M’- and Li’ may be another 
reason; the radii of V”, Mn’+, and Cd? + are 
larger than those of Fe?+ and Co’. , except 
for Mg’- . 

Of these distorted structures, only the 
chromium spine1 has the monoclinic lattice. 
The rows of Cr octahedra and Li octahedra 
shown in Fig. 4 are in directions separated 
by 85.2”. while two rows in the orthorhom- 
bit LiZMU (M = Fe, Co) are at a right 
angle to each other (I 0, I1 ). The ordered Cr 
Cl6 octahedra elongation caused by the 
strong cooperative Jahn-Teller effect of d“ 
state gives rise to the lattice deformation 
from orthorhombic to monoclinic cym- 
metry. 

We refined the structure using the models 
where half of the lithium ions distribute on 
the tetrahedral A sites. However, our pre- 
vious studies on the orthorhombic Li2MCI~ 
(M = Fe, Co), revealed that in Zmnzcr the 8i 
positions placed between the tetrahedral A 
and the interstitial octahedral sites were ac- 
ceptable for the lithium ions. The same kind 
of positions might be expected for the lith- 
ium ions in LizCrCId. Further study based 
on neutron diffraction measurement is nec- 

TABLE IV 

STRUCTURE AND BOND DISTANCES (A) IN CHI.ORIDE SPINEL.S 

M ion 

M&T 
V 
Cr 

Mn 
Fe 

CO 

Number of 
d-electron Symmetry 

0 Cubic 
3 Cubic 
4 Monoclinic 

5 Cubic 
6 Orthorhombic 

7 Orthorhombic 

M-Cl distance 

2.523(x6) 
2.531(x6) 

2.472(X2) 
2.469( x 2) 
2.778(X2) 
2.560(x6) 
2.53 (X4) 
2.51 (X2) 
2.490(X4) 
2.481(X2) 

%-Cl distance Ionic 
(average) radii 

2.523 0.86 
2.s31 0.93 

2.573 0.94 

2.560 
2 5 2 3 

3.487 

0.97 
0.92 

o.uxs 

Cd IO Cubic I .OY 
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FIG. 5. DTA curves for LilCrC14. 

essary for the purpose of elucidating the 
lithium position. 

4. Thermodynnmic Behavior at Elevated 
Temperatures 

Figure 5 shows the DTA curves for L&Cr 
Cl+ Three endothermic peaks are clearly 
observed at 222,305, and 551°C on heating; 
the peak at 551°C corresponds to melting. 
The curves also show a broad endothermic 
peak near 400°C. High-temperature X-ray 
diffraction studies were carried out to eluci- 
date phases that appeared at corresponding 
temperatures. The phases that appeared 
were determined to be monoclinic spine1 
for 100 and 2Oo”C, a mixture of the mono- 
clinic and the cubic spinels for 250,280, and 
3Oo”C, and the monophasic cubic spine1 for 
32o”C, this being well consistent with the 
phase change indicated by DTA at 222 and 
305°C. Figure 6 shows thermal evolution of 
the lattice parameters and volume calcu- 
lated for the monoclinic spinel, cubic 

spinel, and defect NaCl-type structures. 
The phase change through the two-phase 
region of 222-305°C suggests a certain 
range of solid solution for both the cubic 
and monoclinic spinels at higher tempera- 
tures. Structurally, the phase change 
should be considered in relation to the cat- 
ionic arrangement on the octahedral B 
sites: the ordered arrangement of Li’ and 
Cr2+ turns reversibly into the disordered 
state. Large volume difference between the 
monoclinic and cubic spinels, observed in 
the two-phase region in Fig. 6, makes it dif- 
ficult to grow single crystals. Recently, 
Lutz et al. (36) reported the existence of 
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FIG. 6. Thermal evolution of the lattice parameters 
and volume in the monoclinic spine], the cubic spinel, 
and the defect NaCI-type structures. 
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FIG. 7. Thermal evolution of the conductivity for 
Li2CrC14. 

the cubic spine1 LizCrC14 above 314”C, well 
consistent with our results. 

High-temperature X-ray diffraction anal- 
ysis showed that the intensities of odd num- 
bered lines such as (111) decreased with 
temperature above 305°C and disappeared 
around 45O”C, this being consistent with the 
broad DTA peak near 400°C. The results 
are explained by a transition from the cubic 
spine1 to the defect NaCI-type structure, 
the precise nature of which was discussed 
in detail in relation to structural and ther- 
modynamical considerations on LiZmtiM1+., 
Cl4 (M = Mg, Mn) system (6, 7). The transi- 
tion is concerned with displacement of lith- 
ium ions from the tetrahedral 8(a) sites to 
the interstitial 16(c) sites. In the defect 
NaCl-type structure, half of the lithium ions 
is distributed over the octahedral 16(c) sites 
together with vacancies, while the octahe- 
dral 16(d) sites have the same cationic dis- 
tribution as the spine1 structure. 

5. Ionic Conductivit? 

Figure 7 shows the Arrhenius plots of the 
conductivity for Li&rClb. The chromium 

spine1 showed a high ionic conductivity of 
6.3 x 10-l S cm-i at 400°C the value of 
which is comparable to those of other chlo- 
ride spinels at 400°C. Two distinct breaks in 
the curve around 230 and 330°C can be ex- 
plained by the phase change described in 
the previous section; they correspond re- 
spectively to the change from the mono- 
clinic spine1 to the two-phase region with 
the monoclinic and cubic spinels, and to 
that from the two-phase region to the cubic 
spine1 structure. The activation energies 
were calculated to be 118 kJ mole-’ for the 
monoclinic spine1 (from room temperature 
to 230°C) and to be 24 kJ mole-’ for the 
cubic spine1 (above 330°C). The high-tem- 
perature cubic spine1 with very low activa- 
tion energy can be considered as a high 
ionic conducting phase, which has been 
found for other halide spinels. 

As a part of our work on halide spinels, 
we reported previously the ionic conductiv- 
ities of a series of chloride spinels. Liz-), 
Mi+,C& (M = Mg, Mn, Fe, Co, Cd) (/, 3,5, 
/0, II). In Fig. 8 are summarized the acti- 
vation energies of the stoichiometric chlo- 

0 

11.8 0.9 I.0 1.1 
r/i 

FIG. 8. Activation energies of the chloride spinels as 
a function of the ionic radii of divalent metal ions. 0. 

Activation energies at low temperatures: 0, activation 
energies at high temperatures. 
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ride spinels Li2MC14 together with Li2CrC14 
as a function of ionic radii of metal divalent 
ions. The activation energies are calculated 
for both high- and low-temperature ranges, 
because all spinels showed a break in con- 
ductivity curves around 200-300°C. The 
distorted iron, cobalt, and chromium 
spinels at lower temperatures have higher 
activation energies than the cubic spinels, 
while at higher temperatures, no significant 
difference was observed. The difference in 
activation energy between the cubic and 
distorted spinels was clearly observed in 
the iron spine], because two modifications 
exist in the same temperature range of 
room temperature to 126°C. The lower 
ionic conduction for the orthorhombic 
structure is explained by the differences in 
both the conduction pathway and the posi- 
tion of the lithium ions (10, 1 I). In the cubic 
spine1 structure, the lithium ions on A sites 
participate in the ionic conduction and the 
conduction pathway is three dimensional 
along 8a tetrahedral-16c interstitial octahe- 
dral-8a tetrahedral sites (6). The ionic con- 
duction of the distorted cobalt and iron 
spinels, on the other hand, is likely due to a 
motion of the lithium ions in the 8i sites 
situated in the octahedron between two tet- 
rahedral A sites and the diffusion is one di- 
mensional (IO). The lower ionic conduction 
for the monoclinic chromium spine1 can 
also be explained by the conduction mecha- 
nism similar to the orthorhombic spine]. 
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