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The reaction mechanism for the lithiation of a-Fe203 has been studied at 420°C in electrochemical cells 
of the type Li-Al/LiCl, KC&-Fe203. Initially the hexagonally close-packed oxide lattice transforms 
to cubic close-packed stacking. Electrochemical and structural data indicate that the discharge reac- 
tion proceeds via insertion of lithium into, and iron extrusion from, the cubic close-packed lattice to 
yield the final discharge products L&O and a-Fe. Previous reports have shown that this process is 
reversible and that high coulombic efficiencies can be obtained from this type of cell, provided that the 
electrode is not discharged to its full compositional limits. o 1984 Academic press, 1nc. 

Introduction performance of the less-corrosive iron ox- 
ides in a similar cell environment was un- 

Transition-metal oxides and chalcogen- dertaken recently (4, 5). In this investiga- 
ides have received considerable attention tion, it was demonstrated that both a-FeaOj 
during the past decade as cathode materials and Fe304 cells showed good electrochemi- 
for lithium batteries (I, 2). One system, in cal characteristics in terms of electrode ca- 
particular, that has received much interest pacity, rechargeability, and lifetime. Simi- 
as a possible high-energy/power-density lar behavior has also been observed using 
battery for electric vehicles and for energy a-LiFe02 as cathode in these high-tempera- 
storage is the lithium-aluminum/LiCl, KCl/ ture cells (6). 
iron-disulfide system (3). This system, In view of a recent report that lithium can 
however, suffers from problems that can be be incorporated into a-Fe203 at ambient 
related predominantly to the sulfide elec- temperature (7), the structural characteris- 
trode, e.g., corrosion, and the high operat- tics of cathodes in high-temperature Li-Al/ 
ing temperature of the battery (450°C). For LiCl, KC&-Fez03 cells have been reexam- 
this reason, a study of the electrochemical ined. The results of this investigation are 
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Experimental 

Electrochemical lithiation of a-Fez03 
was undertaken in a cell of the form 

Li-Al/LiCl, KCl/a-Fe203 

The counter electrode consisted of a solid 
lithium-aluminum alloy, initially contain- 
ing -36Vo lithium. Cell voltages were 
monitored against a pure (>!99.%) magne- 
sium reference electrode. The cathode con- 
sisted of 300 mg of a-Fe203 (Cerac, >99% 
pure, -325 mesh) compacted at 40 kN into 
a disk, 1 cm in diameter, and annealed at 
700°C for 4 hr prior to use in the cell to 
obtain good mechanical strength. The pellet 
was contained in a sleeve of porous graph- 
ite felt and secured to the external circuit 
with molybdenum wire. The electrolyte 
consisted of a eutectic melt of LiCl (58Vo) 
and KC1 (42Vo). The cell components were 
contained in a dense a-A1203 crucible. Cells 
were assembled and hermetically sealed 
under an argon atmosphere. The operating 
temperature was 420°C. 

Powder X-ray diffraction spectra of cath- 
odes, after reaction at 420°C with 0.5, 1.5, 
3.0, and 4.5 equivalents of lithium, were ob- 
tained at room temperature. In addition, a 
spectrum was obtained of a cathode that 
had been reacted with 4.5 equivalents of 
lithium and then recharged to a composi- 
tion “L&,Fe203.” Cells were disassembled 
under an argon atmosphere to avoid con- 
tact of the electrodes with air. Samples 
were sealed from the atmosphere with a 
plastic spray. X-ray diffraction spectra 
were obtained from an automated Rigaku 
powder diffractometer that supplied Cuba 
radiation. The 28 values were determined 
against an internal silicon standard. 

Results and Discussion 

The electrochemical reaction of lithium 
with a-FezOJ is presented in Fig. 1 in which 
the open-circuit voltage (o.c.v.) of the cell, 
with respect to the magnesium reference 
electrode, is plotted as a function of the 
number of reacting lithium atoms, x. 

Cells were discharged galvanostatically For 0 < x < 1.5 it was apparent that the 
at a constant current of 1 mA. Open-circuit reaction proceeded by several steps involv- 
voltages were obtained intermittently dur- ing single-phase and multiphase electrode 
ing discharge. Although equilibrium condi- processes; they are characterized in Fig. 1 
tions were obtained in general after a few by regions of decreasing voltage and of con- 
hours, cells were allowed to equilibrate for stant voltage, respectively. For 1.5 < x < 
up to 24 hr. 6.0 the discharge curve is characterized by 

II I I I 
1.0 2.0 x 3.0 4.0 5.0 6.0 

FIG. I. Open-circuit voltage vs the number of reacting lithium atoms, x, in the high-temperature cell 
Mg/LiCl, KCl/cr-Fez03 at 420°C. The boundaries of the multiphase regions I + II + Fe and II + III + 
Fe depend on the history of the sample. 
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two distinct constant-voltage plateaus sepa- 
rated by 155 mV after reaction with 3.75 
equivalents of lithium. 

Although the room-temperature spectra 
of the lithiated iron-oxide cathodes do not 
reflect the exact situations that exist at the 
operating temperature of these cells, it was 
possible to extract important structural in- 
formation regarding the nature of the reac- 
tion mechanisms. The spectra of the 
lithiated iron-oxide cathodes with x = 0.5, 
1.5, and 3.0 were similar; all showed a-Fe 
and a cubic rock salt phase with an inten- 
sity distribution similar to that observed for 
cu-LiFe02 (space group Fm3m (0:)) (8). In 
a-LiFe02 all the octahedral sites of the cu- 
bic close-packed oxide lattice are occupied 
randomly by Li+ and Fe3+ ions. The refined 
“a” lattice parameter for the rock salt 
phase in each of these three cathodes was 
4.164(2), 4.177(3), and 4.169(l) A, respec- 
tively, compared to the literature value of 
4.158 A for a-LiFeO* (Lil,SFei.s03) (8). The 
powder spectrum of a cathode after reac- 
tion with 4.5 lithium equivalents, obtained 
after rapidly quenching the cathode to room 
temperature and immediately X-raying the 

sample, was characterized by a-Fe, a-L& 
Fe04, and L&O. The spectrum of a cath- 
ode that had been reacted with 4.5 lithium 
equivalents and then recharged to a hypo- 
thetical composition “L&Fe~03” showed 
a two-phase product consisting of a rock 
salt phase (“u” = 4.232(l) A), as described 
above, and a cubic spinel-type phase (“a” 
= 8.399(l) A). This spectrum is shown in 
Fig. 2. It was apparent from this spectrum 
that the free iron, extruded during dis- 
charge, had been reabsorbed into the oxide 
lattice while charging the cell. Although 
only the strongest reflections were evident, 
the intensity distribution suggested a 
spinel-type phase intermediate between y- 
Fe203 (9) and LiFeSO* (IO), indicative of 
tetrahedral-site occupation by the ferric 
cations. 

If the reaction were characterized by a 
continuous insertion of lithium into, and 
iron extrusion from, the cubic close-packed 
oxide lattice, it would be possible to charac- 
terize every phase of the cathode during the 
reaction by the compound LixFe2-x,303 for 0 
< x < 6. The reaction sequence could thus 
be represented by 

a-Fe203 (hcp) 42o”c\ y-Fez03 (ccp) 
$0.37SLi 

Li0.375Fel .87503 (LiFejOg) + 0.125Fe 
$l.lZSLi 

Lii.SFel.S03(LiFeOl) + 0.375Fe 
5 2.25OLi 

Li3.75Fe0.7503(Li~Fe04) + 0.75Fe 
$ 2.25OLi 

3Li20 + 0.75Fe 

This is the reaction sequence proposed step is not completed in our experiments, at 
by Godshall (11) in a thermodynamic study least on initial discharge. 
of the ternary Li-Fe-O system at 400°C. In particular, the electrochemical curve 
However, in our experiments there is evi- in Fig. 1 suggests that, for 0 < x < 1.5, 
dence that the thermodynamically stable lithiation of a-Fea03 to Li,FezOJ occurs by 
system is reached in two steps, one fast and several stages involving both single-phase 
the other slow; and it appears that the slow and multiphase electrode processes. A flat 
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FIG. 2. The X-ray diffraction spectrum of “L&Fe 0 2 ,” showing the two-phase nature of the cath- 
ode, where S = spine1 phase and R = rock salt phase. The LiCl, KC1 electrolyte and Si standard peaks 
have been omitted from the figure for clarity. 

V,, versus x curve at x = 0.375 indicates 
that the spine1 composition LiFe5Os is in a 
multiphase region in the initial discharge. 
On the other hand, the phase L&Fe04 near 
x = 3.75 is clearly marked; but the plateaus 
either side of x = 3.75 are separated by 155 
mV in our case whereas Godshall et al. re- 
port only a 26-mV separation after a shorter 
equilibration time (6). 

Conversion of cu-Fez03 to y-Fe203 : Li on 
initial lithiation allows for rapid Li insertion 
into the octahedral vacancies of the spine1 
phase over the range 0 < x I 0.25 to give 
the end-member spine1 Fes,jLil,30d. (Note 
that x is everywhere referred to three oxide 
ions.) The initial single-phase region (I), 
where V, = V,,,(x) in Fig. 1, corresponds 
roughly to this range if account is taken of 
the nonuniformity of the Li-insertion pro- 
cess in the polycrystalline cathodes. (The 
shape of the discharge curve in the compo- 
sitional range 0 < x < 1.5 depended upon 
the procedure of cathode fabrication.) 
However, this fast reaction is, in principle, 
followed by a slow disproportionation reac- 
tion 

3Fe*+ ---, 2Fe3+ + Fe0 

that involves the extrusion of a-Fe. If the 
second reaction goes to completion, the 
end-member spine1 is LiFesO . It would ap- 
pear that extrusion of iron occurs at the 
particle surfaces in our experiments, but 
probably does not occur throughout the 
bulk of the particles. Our spine1 phases un- 

doubtedly contain some Fe*+ ions, which 
makes them formally a member of the solid- 
solution system LiYFe3-,04 in the composi- 
tion range 0.33 5 y d 0.5 or 0.25 I x 5 
0.375. In Fig. 1, phase I is the spine1 QLi, 
Fe3-y-z04, where z depends on the extent 
of iron extrusion as well as on y. 

Lithiation beyond the end-member spine1 
phase Fe[Fe2-.,,LiY,]04, where 0.33 < yc < 
0.5 corresponds to 0.25 < xc < 0.375, oc- 
curs via insertion of Li+ ions into the inter- 
stitial octahedral sites of the spine1 phase. 
In a cubic spine1 these are the 16~ sites of 
the space group Fd3m. Electrostatic forces 
between the Li+ ions in sites 16~ and the 
tetrahedral-site Fe3+ ions in positions 8a, 
with which they share common site faces, 
would displace the Fe3+ ions to neighboring 
16c sites. Such a process results in a cation- 
deficient rock salt structure in which the 
octahedral 16~ and 16d positions of the 
space group Fd3m remain distinguishable 
(7): 

However, between the stable composi- 
tional range for this phase (II) and the 
spine1 phase there is a multiphase region I 
+ II + Fe. From Fig. 1, the multiphase 
boundary extends to x = 0.66 or y = 0.88, 
so the rock salt phase that is established on 
the disappearance of the spine1 phase is, 
roughly, 
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if the limiting spine1 phase LiFesO* is 
reached in the initial step. Further lithiation 
introduces Li+ ions into the octahedral-site 
vacancies q in a relatively fast step; this 
insertion reaction may be followed by a 
slower disproportionation reaction. The 
compositional regions in which V,(x) has a 
small variation with x correspond to re- 
gions where further lithiation depends upon 
extrusion of metallic iron. The limiting 
composition for this process is LizFez or 
LiFe02. It should be noted that after the 
fast step, the rock salt phase contains Fe2+ 
ions, and the lattice parameter of the rock 
salt phase depends sensitively on the Lil 
Fe2+ ratio. Where Fe0 extrusion is incom- 
plete, the lattice parameter is larger than 
the a0 = 4.158 A for a-LiFe02. Comparison 
of the lattice parameter for cu-LiFe02 with a 
measured “a” = 4.17 w  for the rock salt 
phase obtained on lithiation during the first 
discharge cycle indicates that the concen- 
tration of Fe2+ ions in this phase is rela- 
tively small for x 2 0.5. On the other hand, 
recharging to x = 0.4 gives a rock salt phase 
with “a” = 4.23 A, which is indicative of a 
more significant Fe2+-ion concentration in 
phase II associated with the incorporation 
of extruded Fe0 into the oxide lattice. This 
finding suggests that the concentration of 
Fe2+ ions that may be stabilized in the rock 
salt structure at 400°C depends upon the 
history of the sample. The same should also 
be true of the spine1 phase LiyFe+04 (I) 
with which it coexists in the multiphase re- 
gion. Finally, the difference between room- 
temperature lithiation of a-Fe20j and that 
at 420°C is the rate and extent to which the 
slow reaction proceeds over the lifetime of 
an experiment. The rock salt product ob- 
tained for x = 1 in the room-temperature 
lithiation LiXFe20J approaches the value 
expected for no extrusion of iron (see Fig. 
3). 

Lithium in excess of x = 1.5 requires ei- 
ther the introduction of ions into tetrahe- 
dral sites or the oxidation of iron to Fe4+ in 

0.100 

1 

0.5 0.0 0.7 0.8 0.9 1.0 
OCCUPANCY OF IRON IN 0CTAHEDRALSlTE.S 

FIG. 3. Variation of the unit cell length per cubic 
close-packed oxygen atom (Au) of LiFe02, LiFelO , 
LiFe,04, and Fe0 with iron occupancy in octahedral 
sites. 

the disproportionation reaction. The latter 
alternative is not possible, and displace- 
ment of ions into tetrahedral sites produces 
new phases: L&Fe04 (III) and Liz0 (IV). In 
the end-member Li20, all the tetrahedral 
sites are occupied. In the LiSFe04 interme- 
diate, an ordered occupation of tetrahedral 
sites by ferric ions results in a lowering of 
the crystal symmetry from cubic to 
orthorhombic (12). 

Three features of this reaction mecha- 
nism should be highlighted. First, during 
discharge lithium is inserted into, and iron 
extruded from, a cubic close-packed oxide 
lattice that, for certain composition ranges, 
becomes distorted; this process is revers- 
ible. Second, for 0 < x < 1.5, lithiation of y- 
Fe203 (spinel) to yield a-LiFeO2 (rock salt) 
results in complete occupation of the octa- 
hedral sites of the structure. The volume of 
the oxide lattice, based on room-tempera- 
ture unit-cell data, decreases by 0.86%. For 
1.5 < x < 6.0, cations migrate from octahe- 
dra to tetrahedra; the increase in volume 
associated with the a-LiFe02 to Liz0 transi- 
tion is massive: 36.41%. Third, the limited 
solubility of the lithium-iron-oxide phases 
in the molten LiCl, KC1 electrolyte ac- 
counts for the good coulombic efficiencies 
and lifetimes reported earlier for this type 
of cell (5). Only on deep discharge, with the 
generation of Li20 and its slow dispersion 
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into the electrolyte, does a gradual deterio- 
ration in cell performance occur. 

It is worthwhile to compare these results 
with those obtained from a recent study of 
the lithiation of a-Fez03 and Fe304 at ambi- 
ent temperature (7). Reaction with n-butyl- 
lithium at 50°C yielded cubic Li,Fe203 (x < 
1.7, “a” = 8.422 A) and Li,Fe30, (x < 1.5, 
“ ” = 8.474 A). At x = 1 all the octahedral a 
sites of the cubic close-packed oxide lattice 
are occupied by lithium and iron. Lithium 
ions in excess of x = 1 .O must occupy tetra- 
hedra sharing faces with octahedra. Not 
surprisingly, therefore, compounds with x 
> 1 were observed to be unstable and 
tended to ignite in air, particularly for high 
values of x. This was attributed to lithium 
diffusion from the bulk of a particle back to 
the surface where oxidation of metallic lith- 
ium readily occurs (13). In view of the dis- 
closure that traces of “unreacted iron ox- 
ide” were present after reaction with 
n-butyllithium (7) and particularly on ac- 
count of the results of the present investiga- 
tion, it appears that in the cell finely divided 
iron is slowly extruded from the lattice to 
accommodate lithium in excess of x = 1; on 
withdrawal from the n-butyllithium solu- 
tion, Li+ ions are rapidly extruded to the 
surface. Both lithium and iron on the sur- 
face are readily oxidized when exposed to 
air. Lithiation in excess of x = 1 of at least 
the smaller particles of Li,Fe203 was also 
indicated by a slight asymmetry of the 
peaks toward higher 28 values in the X-ray 
spectrum of “Li1.,Fe203”; this asymmetry 
can be attributed to concentration gradients 
of the iron ions in the individual particles. If 
iron extrusion had not reached equilibrium, 
the surface of the particles after Li insertion 
would be less rich in iron (i.e., closer to 
LiFeO& and hence have the smaller lattice 
parameter as observed (7). 

Structural analysis of Li,FetOj and Li, 
Fe304, prepared with n-butyllithium, re- 
vealed that the former compound has pre- 
dominant rock salt-like characteristics. 

Li,Fe30, was characterized by a structure 
in which the [FeZlO framework of the 
Fetet[FeJ,O~ spine1 was retained during 
lithiation; the other cations, at x = 1, ran- 
domly occupy the remaining octahedral 
sites. A plot of the variation of the “a” 
lattice parameter per oxygen atom of the 
rock salt phases LiFeOz , LiFez03, Fe,-&O, 
and the partially ordered rock salt phase 
LiFejO vs the iron occupancy in octahe- 
dral sites yields, at a first approximation, a 
linear relationship (Fig. 3). 

Finally, a comment about the influence of 
the mobilities of the lithium and iron ions 
on structure: synthesis of a-LiFeOz at high 
temperature (typically !MO”C), where both 
lithium and iron are highly mobile, gener- 
ates a true rock salt phase in which all the 
octahedral sites of the cubic close-packed 
oxide lattice are occupied randomly by Li+ 
and Fe3+ ions. In contrast, the ionic mobili- 
ties of these cations, particularly iron, are 
appreciably lower at 50°C; chemical lithia- 
tion of c*l-Fe203 causes the hexagonally 
close-packed oxide lattice to shear to cubic 
close-packed stacking and results in a rock 
salt-like structure at Lil.oFe203 in which all 
the octahedral sites of the oxide lattice are 
occupied, but with a distribution of iron 
that slightly favors the B octahedral sites of 
an A[B2]04 spine1 (7). 
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