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A new low-temperature modification of Li*FeC& was prepared by annealing the metastable cubic 
spine1 at 100°C for 2 weeks. It was characterized by Rietveld X-ray structure refinement, differential 
thermal analysis, high-temperature X-ray diffraction analysis, and electrical conductivity measure- 
ment. The new phase has Imma symmetry with lattice parameters a = 7.3067(3), 6 = 7.3158(4), and c 
= 10.3323(5) A; its orthorhombic (0) unit cell is related to that of the cubic spine1 (c) according to a, - 

Pnac, b, - Pa,, and c, - a,. The orthorhombic distortion is caused by a 1: 1 ordering of Li+ and Fe*+ 
ions on the octahedral sites. Stoichiometric orthorhombic LizFeC& decomposed at 126°C to the non- 
stoichiometric cubic spine1 Li2-Z,Fel+lCId and the new Suzuki-type phase L&,FeC&. Stoichiometric 
cubic L&FeC&, which is stable above 45O”C, was quenched to ambient temperature. Electrical conduc- 
tivity measurements on the orthorhombic modification and the metastable cubic spine1 proved that the 
distorted structure has the lower ionic conduction. The conduction mechanism in both structures is 
discussed. 8 1988 Academic press, IIIC. 

Introduction 

The spine1 system Li2-trMl+xX4 (M = 
Mg, V, Mn, Fe, Cd; X = Cl, Br) has at- 
tracted considerable interest not only be- 
cause of its high ionic conductivity, particu- 
larly apparent at moderate temperature, but 
also because of the transition from a low to 
a high ionic conducting state exhibited by 
gradual displacement of lithium ions (Z-8). 

* To whom correspondence should be addressed. 
I’ Present address: Shinnippon Steel Corporation, 

Central R & D Bureau, R & D Laboratories-l, Mate- 
rials Research Lab.-1, Kawasaki, Japan. 

The chloride spinels are reported to have 
the inverse spine1 structure in which half of 
the lithium ions are tetrahedrally sur- 
rounded by chloride ions and the other half, 
together with the M2+ ions, are distributed 
statistically over the octahedral sites (6, 9). 
The chloride spinels have a high ionic con- 
ductivity of around 0.1 S cm-l at 400°C. 
The conductivity values at elevated tem- 
peratures are similar to or greater than 
those for the high lithium ion conductors 
reported previously (10). 

As a part of our work on halide spinels, 
we reported previously the ionic conductiv- 
ity and the phase transition from a low to a 
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high conducting state of the iron spine1 
Liz-bFer+,Cld (3). The iron spine1 has the 
inverse spine1 structure and its Arrhenius 
conductivity plots show a smooth change in 
slope at a high temperature. The break in 
conductivity corresponds to a transition 
from a low to a high conducting state, the 
precise nature of which has been discussed 
in detail in the context of the structure and 
thermodynamics of Li2-2xML+xCld (iI = 
Mg, Mn) systems (6, 8). The transition low 
to high ionic conduction only was observed 
in the iron spine1 system, while in the mag- 
nesium and manganese systems, a transi- 
tion to a defective NaCl-type structure was 
found at a higher temperature. 

X-ray diffractograms of the iron spine1 
stored for an extended period at room tem- 
perature in an evacuated tube revealed 
many broad extra reflections not apparent 
in previous studies and not accounted for 
by the cubic inverse spine1 structure. They 
could be caused either by decomposition to 
an unknown phase or by a transition to a 
low-temperature modification. Mijssbauer 
spectroscopy data (II) of this stored sam- 
ple were inconsistent with the model ex- 
pected from the inverse cubic spine1 struc- 
ture, random distribution of the iron and 
lithium ions in the octahedral sites. 

We recently found a new distorted 
orthorhombic cobalt spinet, Li2CoCh (12). 
The orthorhombic lattice, caused by a 1: 1 
ordering of the Li+ and Co*+ ions on the 
octahedral sites, transformed to the cubic 
spine1 structure at 308°C and the transition 
in the cation distribution over the octahe- 
dral sites was of the order-disorder type. 
The X-ray diffraction pattern of the or- 
thorhombic lattice was characterized both 
by additional weak reflections, such as 
(002),, (020),, and (200),, and by line split- 
tings in most of the main reflections such 
that the cubic (400& line was split into the 
orthorhombic (220), and (004), lines with an 
intensity ratio of 2 : 1. (The suffixes c and o 
stand for the cubic and orthorhombic struc- 

tures, respectively.) The extra X-ray peaks 
of the stored iron spine1 were similar and 
suggested that the new iron spine1 formed 
at room temperature over an extended pe- 
riod and might have a structure closely re- 
lated to that of the cobalt spinel. 

The purpose of this investigation is to ob- 
tain more insight into the iron spinel. We 
first assumed, and later were able to prove, 
the existence of a low-temperature iron 
spine1 modification. The structure of the 
new low-temperature modification was de- 
termined by X-ray powder Rietveld analy- 
sis. The ionic conductivity of both the 
orthorhombic and cubic spinels was exam- 
ined and compared. The phase diagram 
near the spine1 formation domain was also 
studied. 

Experimental 

Anhydrous lithium chloride, iron dichlo- 
ride, and cobalt dichloride were used (Lick 
Nakarai Co., >99% purity; CoC12: Nakarai 
Co., >99% purity; FeC12: Alfa Products). 
Reactants were dried carefully under vac- 
uum (-1 Pa) at 300°C; their melting points 
were in good agreement with reported val- 
ues. The appropriate quantities of reactants 
were ground together, pressed into a pellet 
at 60 MPa in a nitrogen-filled glove box, and 
heated in an evacuated Pyrex tube at 400°C 
for 1 week. X-ray diffraction patterns of the 
powdered samples were obtained with both 
monochromated CuKa! and CuK/3 radiation 
and a scintillation detector. A high-power 
X-ray powder diffractometer (Rigaku RAD, 
12 kW) was also used to detect intermediate 
compounds. A 7-pm-thick aluminum win- 
dow covered the sample holder to prevent 
moisture attack during the measurement. 

X-ray powder diffraction data for Riet- 
veld analysis were collected on the poly- 
crystalline sample of LizFeC1, with CuKa 
radiation by means of a high-power X-ray 
powder diffractometer equipped with a 
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graphite monochromator. The sample was 
kept under He during measurement. Dif- 
fraction data were collected by step scan- 
ning over an angular range of lo” < 28 < 
100” in increments of 0.02” at room temper- 
ature. 

The structural refinement of X-ray data 
was performed with the Rietveld analysis 
computer program RIETAN provided by 
H. Izumi (13). Reflection positions and in- 
tensities were calculated for both CuKal 
(A = 1.5405 A) and CuKaz (A = 1.5443 A) 
with a factor of 0.5 applied to the latter’s 
calculated integrated intensities. A pseudo- 
Voigt profile function was used; the mixing 
parameter y was included in the least- 
squares refinement. 

The high-temperature phases were exam- 
ined with a high-temperature X-ray diffrac- 
tometer. Diffraction patterns were taken in 
a dry nitrogen atmosphere with silicon 
powder as the internal standard. Differen- 
tial thermal analysis (DTA) was carried out 
for samples sealed in evacuated silica glass 
containers with a-A1203 as a standard. 
Heating and cooling rates were l.S”C/min. 

Electrical conductivities of -0.5-g 
pressed pellets were measured in the tem- 
perature range between room temperature 
and 500°C in a dry argon gas flow. Blocking 
electrodes were deposited on both sides of 
the pellets by evaporating gold. The con- 
ductivity was obtained by ac impedance 
measurement with a HP4800A vector impe- 
dance meter over a frequency range of 5 
Hz-500 kHz. Resistances were derived by 
interpretation of the complex impedance 
plane diagram of the data. 

The oxidation number of the iron ions in 
both reactants and products was deter- 
mined to be 2.00 by chemical analysis using 
iodometry (14), an indication that the sam- 
ples were devoid of Fe3+ ions, which can 
lead to electronic conductivity. The ab- 
sence of trivalent iron was also confirmed 
by the Mossbauer effect; these data will be 
published elsewhere (11). 

Results and Discussion 

1. Synthesis and Structure Refinement 

X-ray diffractograms of the iron spine1 
LizFeCld stored for several years showed a 
number of broad extra lines, e.g., d = 5.20 
and 3.67 A, that were not observed in the 
previous studies. The pattern was similar to 
that of the cobalt spinel. The extra reflec- 
tions could be indexed roughly by the same 
cubic spine1 lattice with reflections d = 5.20 
and 3.67 A indexed as (200) and (220), re- 
spectively. However, some reflections such 
as (200) are inconsistent with the extinction 
requirements of the cubic spine1 space 
group (Fd3m). The distortion of the iron 
spine1 was apparently small since (400), and 
(440), reflections were not split. The or- 
thorhombic distortion in the cobalt spine1 
is caused by a 1: 1 ordering of the Li+ and 
Co2+ ions on the octahedral B sites such 
that more than 80% of lithium ions are ar- 
ranged along the b axis and the cobalt ions 
are arranged along the a axis. Since the ex- 
tra lines in the stored iron spine1 are due to 
a modification that arises at ambient tem- 
perature, reflection broadness might be de- 
pendent on duration of storage or extent of 
ordering. 

It was expected that annealing just below 
the transition temperature would facilitate 
equilibrium and enable the monophasic 
low-temperature modification to be ob- 
tained. Therefore, the solid solution Li2Co 
Ch-Li2FeC14 was studied to estimate both 
the LizFeCh transition temperature and the 
lattice distortion of the iron spinel. The X- 
ray diffraction measurements on the solid 
solution revealed a single phase with 
orthorhombic symmetry in the whole com- 
position range. The line splittings charac- 
teristic of the orthorhombic distortion de- 
creased as composition was varied from x 
= 1 to 0.25 (see Fig. 1). In this figure, the 
lattice parameters for the composition x = 0 
(stoichiometric Li2FeC14) were determined 
after the specimen had been annealed at 
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FIG. 1. Lattice parameters in Li2(Fel-$o,)C14 at 
room temperature. The parameters at x = 0 were ob- 
tained by the Rietveld method. 

100°C as described later. It is apparent that 
the lattice parameters increase and the dis- 
tortion decreases as x in Liz(Fel-,Co,)Cld 
approaches 0. The phase transition temper- 
ature, determined for the composition 
range 1 > x > 0.25 by DTA, is presented in 
Fig. 2. High-temperature X-ray diffraction 
data for x = 0.5 and 1.0 confirmed that the 
transition was from orthorhombic to cubic 
symmetry, consistent with the endothermic 
DTA peaks at 227 and 308”C, respectively. 
The transition temperature in the solid solu- 
tion decreases with increasing iron content 
x and is estimated by extrapolation to be 
approximately 130°C at x = 0 (Li2FeC14), 
consistent with the observed value for the 
sample annealed at lOO”C, as described in 
Section 2. 

The sample at x = 0 after being annealed 
at 100°C for 2-weeks showed the sharp ad- 
ditional reflections, the intensities of which 
were much higher than those observed for 
the stored sample. High-angle reflections 
taken by Culyp radiation showed line 

same orthorhombic lattice as that of the co- 
balt spinel. The cell constants are presented 
in Table I and are plotted in Fig. 1. The 
orthorhombic cell could be related to the 
parent cubic spine1 as follows: 

Diffraction extinctions presented in Table I 
are characteristics of the space groups 
Zmma and Zma2. 

Refinement of the structure proceeded 
directly with centrosymmetric space group 
D&Zmma. The initial coordinates for the 
model were those described for Li2CoC& 
(12) (Li(1): 8i (x, 0.25, z) x = &, z = f; Li(2): 
4b; Co: 4d; Cl(l): 8h (0, y, z) y = 0, 2 = f; 
Cl(2): 8i x = f, z = 0). A partial disorder of 
the Li+ and Fe2+ ions on the 4b and 4d octa- 
hedral sites was also taken into account. 
The refinement was done in stages, with the 
atomic coordinates, thermal parameters, 
and disordering factor held fixed in the ini- 
tial calculations and subsequently allowed 
to vary only after the scale, background, 

i 

400 

0-0 
0 0.5 1 

x 

FIG. 2. Thermal evolution of transition temperatures 
in Li2(Fef-,Co,)Cl+ The transition temperature at x = 
0 was determined from a sample annealed at 100°C for 

broadening that could also be caused by the 2 weeks. 
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TABLE I 

RIETVELD REFINEMENT RESULTS FOR LirFeC& 

Space group D$, - fmma 

Diffraction extinctions khl:h + k -t I = 2n 

khO:h=2nandk=2n 

Okl:k+l=2n 

hOl:h=2nandI=2n 
hOO:h = 2n 

0kO:k = 2n 

OOl:l= 2n 

No. of variables 29 
Scale factor 0.00988(4)” 
FWHM parameter I/ 0.246(17) 

V -4.577(11) 
W 0.048(2) 

Asymmetry parameter 0.356(23) 
Gaussian fraction 0.301(S) 
FWHM (Gauss)/FWHM (Lorentz) 2.43(5) 
Lattice constant a (A) 7.3067(3) 

b (Ai) 7.3158(4) 
c (4 10.3323(5) 

Fractional coordinates 

Atom Site Occupancy x Y Z B (bZ, 

Li(1) 8i 0.5 0.146(15) 0.25 0.196(13) 0.3(3 1) 
Li(2) 4b 0.880(13) 0 0 0.5 3.4(11) 
Fe(l) 4b 0.120 0 0 0.5 3.4 
Fe(2) 4d 0.880 0.25 0.25 0.75 0.8(l) 
Li(3) 4d 0.120 0.25 0.25 0.75 0.8 
Cl(l) 8h 1 0 -0.015(3) 0.245(3) 1.4(l) 
wa 8i 1 0.251(6) 0.25 -0.005(3) 2.0(l) 

0 The esd’s in parentheses refer to the last significant digit. 

367 

half-width, and unit cell parameters were 
close to their optimum values. Refinement 
proceeded smoothly to yield agreement fac- 
tors R, = 14.45%, R, = 10.88%, and RB = 
5.51%, with an expected agreement RE = 
4.73%, where wp is the weighted profile, p 
is the profile, and B is the Bragg intensity. 
The observed and calculated X-ray diffrac- 
tion powder profiles are compared in Fig. 3. 
Table I shows the final structural parame- 
ters for Li2FeCld. The interatomic distances 
and bond angles are listed in Table II. 

The structure of the low-temperature 
modification of Li,FeCh is derived basi- 

tally from the inverse spine1 structure, 
which consists of a cubic close-packed an- 
ion array with cations occupying, in an or- 
dered manner, one-eighth of the tetrahedral 
A sites and one-half of the octahedral B 
sites. The structure, shown in Fig. 4, is or- 
dered with the Fe2+ and half of the Li+ ions 
occupying the B sites. About 90% of lith- 
ium ions that occupy the B sites and are 
located in position 4b lie along the b axis, 
and 90% of the iron ions located in position 
4d lie along the a axis. The FeC16 octahedra 
are connected along the a axis by sharing 
Cl(l)-Cl(l) edges. Because of the mutual 
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TABLE II 

BOND LENGTHS AND ANGLES FOR L&FeCI, 

I. Lithium{ I kcholorine Distance or angle 
(A or degree) 

Li(l)-Cl(I) (X2) 2.27(6)<1 
Li(I)-CL(I) (X2) 3.28(9) 
Li( I)-Cl(2) (x2) 2.22(13) 
Li( I)--Cl(2) (X2) 3.27( 14) 
Li(l)-Li(l) 2.13(15) 
Li( I )-Li( I ) I .87( 16) 
Li( I)-Li( I)-Li( I) 143(9) 

II. Lithium(2)-chlorine 

Li(Z)-CI( I) (X2) 2.57(3) 
Li(2)-Cl(2) (X4) 2.63(4) 
CI( I)-Li(2)-Cl(2) (X4) 87.05(78) 
CI( I )-Li(2)-Cl(2) (X4) 92.95(78) 
Cl(2)-Li(Z)-Cl(2) (X2) 9OS(Il) 
Cl(2)-Li(2)-Cl(2) (X2) 89.5( I I) 
CI( I )-Li(2)-CL( I) (X2) 180 
Cl(2)-Li(2)-Cl(2) I80 

III. Iron-chlorine 

Fe( I )-CI( I ) ( X 4) 
Fe( I)-Cl(2) (x2) 
Cl(l)-Fe( I)-Cl(I) (X2) 
Cl(I)-Fe(l)-Cl(I) (x2) 
Cl(I)-Fe(l)-Cl(2) (X4) 
Cl( I )-Fe( I)-Cl(2) (x4) 
Cl(l)-Pe( l)-Cl(I) (X2) 
CI( 1 )-Fe( I )-Cl(Z) 

2.52(3) 
250(I) 

86.4(5) 
93.5(5) 
89.2( 12) 
90.8( 12) 

I80 
I80 

‘I The esd’s presented here are manual estimates de- 
rived from the esd’s of the atomic coordinates and 
they therefore merely provide a guide toward the reli- 
ability of each value. 

repulsion of the M2+ ions in a chain of 
linked octahedra along the a axis, one 
might expect the length of the Fe-Cl(l) 
bond to be somewhat greater than that of 
the Fe-Cl(2) bond, but the observed differ- 
ence is not significant in relation to the esti- 
mated standard deviation. The Fe-Cl dis- 
tances of 2.54 and 2.51 8, are slightly longer 
than the corresponding distances of 2.489 
and 2.480 8, found in the L&CoCh structure 
because the ionic radius of the divalent iron 
ion (0.92 A) is larger than that of the cobalt 
ion (0.885 A), 

FIG. 4. The structure of LizFeCl.,. 

The other half of the lithium ions are dis- 
tributed statistically on the 8i sites placed 
between the 4e tetrahedral (A spine1 sites) 
and 4c interstitial sites. The arrangement of 
the 4e, 4c, and 8i sites is shown in Fig. 5, 
and is similar to that found acceptable for 
Li+ in Li$oCld (12). The 8i sites lie along 
the a axis. 

2. Thermodynamic Behavior at Elevated 
Temperatures 

The DTA curves for heated LizFeC& 
showed an endothermic peak at 126°C in 
good agreement with the estimated value of 
130°C obtained by extrapolation in the Liz 
(CoXFel-X)CLd solid sohrtion. On cooling, 

8(I) 

0 

FIG. 5. The arrangement of the 4e, 4c, and 8i sites in 
LizFeCla. 
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however, no heat anomaly is observed 
around 13O”C, an indication that the high- 
temperature cubic phase is quenched. This 
is consistent with the X-ray results that the 
samples prepared by usual methods show 
the patterns of the cubic spine1 structure, 
while those annealed at 100°C show the 
orthorhombic structure. The DTA curve on 
heating shows near 241°C a small endother- 
mic peak, which will be discussed later. 

High-temperature X-ray diffraction stud- 
ies were carried out to elucidate phases that 
appeared at corresponding temperatures. 
The orthorhombic (002),, (020),, and (200), 
lines disappear between 115 and 180°C. The 
DTA peak at 126°C definitely corresponds 
to the phase change from the orthorhombic 
structure to the cubic spine1 structure. The 
diffraction patterns at 273 and 390°C on the 
other hand, indicate the coexistence of two 
structure types, one the cubic spine1 struc- 
ture and the other a LiCl-type structure. 
The cubic (440), lines at 273 and 390°C split 
into (44O),pinel and (44O)LicI lines. Figure 6 
shows the thermal evolution of the lattice 

FIG. 6. Thermal evolution of lattice parameters of 
cubic Li,FeC1, (0, on first heating; A, on second heat- 
ing) and LiCl solid solution (Cl). 

parameters of both the cubic spine1 and 
the LiCl-type structure determined from a 
specimen heated twice. The lattice parame- 
ters for the LiCl-type structure are multi- 
plied by 2 to facilitate plotting. On first 
heating, the parameters of the LiCl-type 
structure increased steeply from 270 to 
390°C whereas those of the cubic spine1 
increased gradually from 130 to 390°C. Af- 
ter being cooled to room temperature, the 
sample showed the diffraction pattern char- 
acteristic of the cubic spine1 structure. The 
same sample was then heated again to 
450°C. The diffraction patterns on second 
heating indicated the monophasic cubic 
spine1 structure at all temperatures exam- 
ined. The lattice parameters of the cubic 
spine1 on the second heating, plotted in Fig. 
6, are larger than those on the first heating. 
The previous X-ray results showed that the 
lattice parameter of the nonstoichiometric 
spine1 Li2-hFel+C14 decreases linearly 
with x or with increasing vacancy (3). The 
cubic spine1 on first heating therefore ap- 
parently contained vacancies that led to lat- 
tice parameters smaller than those ob- 
served on second heating. 

We investigated the phase diagram of the 
LiCl-FeC12 system to clarify the phase re- 
lationship near the spine1 formation do- 
main. A previous phase study indicated 
only one intermediate compound, Liz-z 
Fel+,C14 (3). Our work, however, revealed 
another new intermediate compound, L&Fe 
Cls. The crystal structure and electrical 
conductivity of this Suzuki-type L&FeCls 
will be published elsewhere (15). Figure 7 
shows the phase diagram near the spine1 
formation domain constructed by DTA and 
high-temperature X-ray measurements. At 
room temperature, the system contains two 
intermediate compounds, the orthorhombic 
spinel, LirFeC&, and the Suzuki-type L&Fe 
Cls. At 259°C the Suzuki-type phase de- 
composed to the LiCl-type solid solution 
and the nonstoichiometric cubic spine1 
Li2-2rFe1+,Cld. The stoichiometric Le2Fe 
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(a) 

10 t 20 30 f 40 50 

I I mole% 
Ll,FeCI, Li,FeCl, FeCI, 

FIG. 7. (a) Phase diagram near the spine1 formation 
domain in the LiCl-Fe& system. (b) Phase diagram 
for the metastable Li2FeC14. 

C4 decomposed to Li2-hFel+C14 and Lie 
FeCIB at 126°C. The stoichiometric LizFeCld 
examined by high-temperature X-ray dif- 
fractometry on first heating was actually a 
mixture of the nonstoichiometric spine1 and 
the LiCl-type solid solution between 273 
and 390°C; it became the monophasic cubic 
spine1 above 450°C. The small endothermic 
DTA peak observed around 241°C was due 
to the decomposition of the coexisting Su- 
zuki-type phase LiGFeC&. In other words, 
the stoichiometric sample contains a small 
amount of Li6FeC18 between 126 and 259°C. 

The stoichiometric spine1 formed around 
450°C could be quenched to ambient tem- 
perature even though the cooling rate was 
relatively low. The X-ray diffraction results 
for the stoichiometric sample, as described 
before, showed that on second heating the 
sample consisted of the monophasic cubic 
spine1 at all temperatures examined. This 
indicates that the decomposition of the 
stoichiometric cubic spine1 proceeded 
relatively slowly to the nonstoichiometric 

spine1 and Li6FeCls or the LiCl-type solid 
solution, and that the heating and cooling 
rates during DTA and X-ray diffraction 
measurements were not low enough to at- 
tain equilibrium. Therefore, the experimen- 
tal results with samples heated to 450°C en- 
able us to construct the nonequilibrium 
phase diagram shown in Fig. 7b, where the 
range of solid solution was 0 < x < 0.02 in 
Li2+FeI+&14 at room temperature. In a 
previous paper (3), we determined the 
range of solid solution to be 0.05 < x < 0.2 
using samples cooled slowly after being 
heated to 400°C. The discrepancy in the 
range of the solid solution was caused by 
the difference in heating temperature. Un- 
der equilibrium conditions, the solid so- 

lution formation limit in Li2-2rFel+xC14 was 
in the range 0.05 < x < 0.20 not at room 
temperature but at 400°C. The cubic spine1 
metastable at room temperature, on the 
other hand, had the composition range 0 < 
x when the sample was quenched from a 
temperature above 450°C. 

The nonstoichiometric cubic spinels with 
x = 0.1 and 0.2 (38 and 43 mol% FeC&, 
respectively) decomposed to FeC12 and the 
cubic spine1 with higher lithium content af- 
ter being annealed at 100°C. X-ray diffrac- 
tion analysis of the same samples annealed 
at 80°C revealed a mixture of the or- 
thorhombic Li2FeC14 and FeCl*. The range 
of the solid solution for the cubic spine1 
near 100°C is therefore rather limited, 
as shown in Fig. 7a. 

3. Electrical Properties 

The electrical conductivities of the sam- 
ples measured with ionically blocking elec- 
trodes showed a frequency dependence 
over the temperatures examined. Complex 
impedance plane analysis enabled us to es- 
timate the bulk resistance. The impedance 
diagram at room temperature shows a semi- 
circle in the high-frequency range due to a 
parallel combination of the bulk electrolyte 
resistance with the bulk capacity. The bulk 



372 KANNO ET AL. 

t /o c 
500 400 300 200 100 

II 

-I- 

-2- 

i 
g-3- 

fn 

3-C 
0” 

-5- 

-6L ' 1 I I 
1.5 2.0 2.5 3.0 

103n /T 

FIG. 8. Temperature dependence of the conductivity 
for L&FeC&. (a) Curves on first heating (0) and cool- 
ing (A). (b) Curves on second heating (0) and cooling 
(4. 

resistance was obtained by the real-axis in- 
tercept of the semicircle at a lower fre- 
quency. The impedance diagram at higher 
temperatures consisted of a straight line, 
and no semicircle due to bulk capacity was 
observed. The electrolyte resistances were 
obtained by extrapolation to the real axis. 

Figure 8 shows the Arrhenius plots of the 
conductivity of LizFeCld. On first heating, 

as shown in Fig. 8a, there is a distinct break 
in the curve around 13O”C, corresponding 
to the lattice’s structural change from 
orthorhombic to cubic. The conductivity 
curve is complicated between 130 and 
KKK, and the conductivity value varies 
from sample to sample in this temperature 
range. On cooling, Arrhenius plots showed 
a smooth change in slope near 200°C. The 
activation energy increased below the 
break in the conductivity curve. Figure 8b 
shows the conductivity curves on second 
heating and cooling. The conductivities ob- 
tained here were exactly the same as those 
from the first cooling. A change in slope 
was again observed near 200°C. 

The phase relations described previously 
completely explain the ionic conductivity 
behavior. The increase in conductivity 
around 130°C (shown in Fig. 8a) is caused 
by the phase change from the orthorhombic 
to the cubic spine1 structure. The strange 
behavior of the conductivity curve between 
130 and 450°C on first heating resulted be- 
cause the sample was a mixture of the 
spine1 and Li6FeCls or the LiCl-type solid 
solution. The conductivity rises gradually 
with temperature between 300 and 5OO”C, 
suggesting an increase in the amount of a 
more highly conductive phase. This is in 
good agreement with the X-ray results that 
the amount of the LiCl solid solution de- 
creased and the highly conductive spine1 
phase increased from 300 to 450°C. The 
conductivity curve on cooling can be inter- 
preted as that of the monophasic metasta- 
ble cubic spinel, since X-ray diffractometry 
revealed that the cubic spine1 can be 
quenched. The X-ray diffraction data taken 
after the first cycle of the conductivity mea- 
surement confirmed the presence of the cu- 
bic spine1 . 

The conductivity curves obtained in the 
second cycle have the character of the stoi- 
chiometric cubic spinel. The change in 
slope observed around 200°C was consid- 
ered to be the phase transition from the low 
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to the high conducting state. However, no 
heat anomaly corresponding to the change 
in slope was observed in DTA curves. The 
transition from the low to the high conduct- 
ing state was also observed in all LizMX4 
specimens between 200 and 300°C. The pre- 
cise structural and thermodynamic nature 
of this transition was studied in detail for 
the LiZPkM1+*C14 (M = Mg, Mn) system. A 
neutron diffraction study on LizMgC14, for 
example, has revealed gradual displace- 
ment of lithium ions from the tetrahedral 8a 
to the interstitial 16c sites (6). These two 
sites are almost equally populated by lith- 
ium ions above the curve in the conductiv- 
ity plot. This evolution occurs without any 
other significant change in the structure, 
particularly in the space group Fd3m and 
for the cation distribution on the 16d octa- 
hedral sites. Characteristically, the temper- 
ature dependence of the pattern was a 
gradual decrease in the intensity of odd- 
numbered reflections such as (1 I I ), corre- 
sponding to the transition. The thermody- 

namic measurement using DSC also 

confirmed the phase transition from the low 
to the high ionic conducting state for Li2-2r 
MI+.JJ4 (A4 = Mg, Mn) (8). By analogy with 
the magnesium spinels, a disordered ar- 
rangement of lithium ions over 8a tetrahe- 
dral and 16~ octahedral interstitial sites is 
also expected for the iron spine1 in the high 
ionic conducting state. The gradual inten- 
sity decrease in X-ray peaks such as (I I I) is 
certain evidence of the lithium ion displace- 
ment on the iron spinel. 

The conductivity data for LizFeC14 are 
summarized in Table III. Activation ener- 
gies are calculated for both high and low 
conducting states. The conductivity data on 
first heating below 120°C enable us to calcu- 
late the activation energy for the ortho- 
rhombic modification. The activation ener- 
gies of the cubic spine1 were calculated for 
both the low- and high-temperature ranges 
from the data on second heating. The 
orthorhombic structure has lower conduc- 

TABLE III 

ACTIVATION ENERGY FOR IONIC CONDUCTION IN 
L&FeCld 

Activation energy E 
(kJ mole-‘) 

Structure 

Cubic 

Low-temperature High-temperature 
range range 

structure 56 
39 

Orthorhombic 
structure 13 

tivity and higher activation energy than the 
cubic spine]. Low ionic conduction of dis- 
torted structures was previously reported 
from bromide spinels (LizMgBrd, LizMn 
Br4) (7) and for the cobalt spine1 (Li2CoClJ 
(II). The bromide spinels have the or- 
thorhombic (LizMgBr4 (7)) and tetragonal 
(LizMnBr4 (16)) structures at room temper- 
ature. They were expected to have an acti- 
vation energy for ionic conduction lower 
than that of the chloride spinels because the 
bromide ion is more highly polarizable than 
the chloride ion. However, the conductiv- 
ity measurement clarified higher activation 
energies than the corresponding chloride 
spinels, an indication that the ionic conduc- 
tion was seriously affected by the lattice 
distortion. For chloride spinels, the or- 
thorhombic Li2CoC14 also had an activa- 
tion energy higher than that of other cubic 
chloride spinels. The difference in ionic 
conduction between the cubic and distorted 
structures was clearly observed for the iron 
spinel, because two modifications exist in 
the same temperature range from room 
temperature to 126°C. Lower lithium ion 
conduction in the distorted modification 
was then confirmed, as shown in Table III. 

Lower ionic conduction may be ex- 
plained tentatively on the basis of the struc- 
tural results. In the cubic spine1 structure, 
lithium ions on the A sites participate in 
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ionic conduction, and the conduction path 
is three-dimensional along the 8a tetrahe- 
dral-16c interstitial octahedral-8a tetrahe- 
dral sites (6). Our structural results on Liz 
FeCL, on the other hand, suggest that ionic 
conduction in Li;?FeC& is likely due to the 
motion of lithium ions in the 8i sites and 
that the diffusion pathway is directed only 
along the u axis of the orthorhombic lattice. 
Furthermore, the 8i positions are situated 
in the octahedron, which is the interstitial 
site for the cubic spine1 structure, as shown 
in Fig. 5. The differences in both the con- 
duction path and the position of the lithium 
ions explain the lower ionic conduction of 
the orthorhombic modification. 

Summary 

A new room-temperature modification of 
the iron spinel, L&FeCh, was obtained by 
annealing the cubic spine1 at 100°C for 2 
weeks. The structure was refined by the X- 
ray Rietveld method using the spinel, L&Co 
Ch, as a model. The orthorhombic distor- 
tion is caused by the 1: 1 ordering of cat- 
ions over the octahedral B sites, with about 
90% of lithium and iron ions arranged along 
the b and a axes, respectively. 

The spinel’s thermodynamic behavior 
was investigated by DTA and high-temper- 
ature X-ray analysis. Stoichiometric or- 
thorhombic LizFeCh decomposed at 126°C 
to the nonstoichiometric cubic spine1 
LizmtiFel +,C& and Suzuki-type LidFeCls, 
which was recently found to exist up to 
259°C. Stoichiometric cubic L&FeCld can 
be quenched from above 450°C to yield a 
range of solid solution of 0 < x for the meta- 
stable cubic spinel, LiZPtiFel+C14. 

Ionic conductivity was measured for 
both the new orthorhombic modification 
and the metastable cubic spinel. The dis- 
torted modification had lower ionic conduc- 
tion, probably because of differences both 
in dimensionality of the conduction path 

and in the position of the lithium ions. Ar- 
rhenius conductivity plots of the cubic iron 
spine1 showed a smooth change in slope 
around 200°C. The break in conductivity 
curves corresponded to the transition from 
the low to the high conducting states, 
caused by gradual displacement of lithium 
ions over the tetrahedral 8a and the intersti- 
tial octahedral 16c sites. 

Acknowledgments 

Reflection intensity measurements were performed 

at the Materials Analyzing Center at the Institute of 
Scientific and Industrial Research, Osaka University. 

We thank Mr. Tanaka of the Center for his assistance 
in the measurements. All computations for the struc- 

ture refinement were carried out at the Crystallo- 
graphic Research Center, Institute of Protein Re- 
search, Osaka University. We thank Professors K. 

Kamiya and T. Yoko at Mie University for the use of a 

high-temperature X-ray diffractometer and Professor 
M. Takano for useful discussions. 

References 

5. 

6. 

7. 

8. 

R. KANNO, Y. TAKEDA, AND 0. YAMAMOTO, 

Mat. Res. Bull. 16, 999 (1981). 
H. D. LUTZ, W. SCHMIDT, AND H. HAEUSELER, 
J. Phys. Chem. Solids 42, 287 (1981). 
R. KANNO, Y. TAKEDA, AND 0. YAMAMOTO, 
Solid State Ionics 9 & 10, 153 (1983). 
C. CROS, L. HANEBALI, L. LATIE, G. VILLE- 
NEUVE, AND G. WANG, Solid State Ionics 9 & 10, 

139 (1983). 
R. KANNO, Y. TAKEDA, K. TAKADA, AND 0. 

YAMAMOTO, J. Electrochem. Sot. Wl, 469 (1984). 
J. L. SOUBEYROUX, C. CROS, G. WANG, R. 
KANNO, AND M. POUCHARD, Solid State Zonks 
15, 293 (1985). 
R. KANNO, Y. TAKEDA, 0. YAMAMOTO, C. CROS, 
G. WANG, AND P. HAGENMULLER, J. Electro- 
them. Sot. 133, 1053 (1986). 
R. KANNO, Y. TAKEDA, 0. YAMAMOTO, C. CROS, 

G. WANG, AND P. HAGENMULLER, Solid State 
Zonks 20, 99 (1986). 

9. C. J. J. VAN LOON AND J. DE JONG, Acra Crystal- 
lop. Sect. B 31, 2549 (1975). 

10. P. HAGENMULLER AND W. VAN GOOL (Eds.), 
“Solid Electrolytes,” Academic Press, New York 
(1978). 



DOUBLE CHLORIDE SPINEL L&FeC& 375 

11. R. KANNO, Y. TAKEDA, 0. YAMAMOTO, AND M. 14. BUNSEKI KAGAKU BINRAN, p. 98, Maruzen, To- 
TAKANO, to be published. kyo (1981). 

12. R. KANNO, Y. TAKEDA, A. TAKAHASHI, 0. 
YAMAMOTO, R. SUYAMA, AND S. KUME, J. Solid 

15. R. KANNO, Y. TAKEDA, M. MORI, AND 0. YAMA- 

Stale Chem. 71. I (1987). 
MOTO, Chem. Lelt., 1465 (1987). 

13. F. IZUMI, J. Mineral Sot. Japan 17, 37 (1985) [in 16. W. SCHMIDT AND H. D. LUTZ, Ber. Bunsenges. 
Japanese]. Phys. Chem. 88, 720 (1984). 


