
JOURNAL OF SOLID STATE CHEMISTRY 7, 180-189 (1988) 

Lithium Insertion into Fe304 

M. S. ISLAM* 

Department of Chemistry, University College London, 
20 Gordon St., London WClH OAJ, United Kingdom 

AND C. R. A. CATLOW 

Department of Chemistry, University of Keele, Keele, 
Staffs ST5 5BG, United Kingdom 

Received February 25, 1988 

Theoretical techniques are used to examine the effect of lithium insertion into the spine1 Fe,04. 
Particular attention is focused on the sites occupied by the intercalating cation and the extent of 
aggregation. Our results support the models in which insertion proceeds with reduction and 
displacement of the tetrahedrally coordinated Fe3+ to produce the ordered rock-salt structured phase, 
LiFejO+ In addition the defect and transport properties of the rock-salt phase are investigated. The 
calculations suggest that lithium Frenkel disorder will dominate and that lithium ion migration is via an 
interstitialcy mechanism. 0 1988 Academic Press, Inc 

1. Introduction 

Transition metal oxides, into which mo- 
bile ions may be reversibly inserted (or 
extracted) to give a wide range of solid 
solutions, are of interest for possible appli- 
cation as electrodes in batteries and elec- 
trochromic displays. These reactions also 
permit the synthesis of compounds at low 
temperature that may be inaccessible by 
any high-temperature method. The incen- 
tive to find electrode materials has, thus, 
led to the study of solid-solution systems 
with tunnel or framework structures as 
hosts for lithium insertion at ambient tem- 
perature. Particular attention has been fo- 
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cused on spine1 oxides owing to their close- 
packed framework structures. 

This paper reports the first theoretical 
study, using simulation techniques, on a 
relatively simple intercalation problem, 
i.e., lithium insertion into the spinel, Fe304. 
Our study pays careful attention to the sites 
occupied by the intercalating cation and the 
extent of aggregation. As a background to 
the theoretical work, we first discuss previ- 
ous experimental investigations. Diffrac- 
tion studies have shown that during the 
lithiation process Fe3+ ions, normally on 
the tetrahedral sites, are reduced and dis- 
placed by the Li+ ions on to adjacent 
unoccupied octahedral sites, producing an 
ordered rock-salt structured phase: LiFe3 
O4 (I). Therefore, the structural modelling 
of LiFe304 and the relationship with Fe304 
will also be considered. We conclude the 
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LITHIUM INSERTION INTO Fe30c 181 

study wa?m investigation of the defect 
and transport properties of the rock-salt 
phase, in p&icuhr the energetics of lith- 
ium ion diffusion. 

2. Experimental Studies 

An insertion reaction requires reduction 
of the host matrix and mobility of the 
intercalate within the host (2). High ionic 
mobility requires structures that contain an 
interconnected interstitial space with a rela- 
tively smooth potential energy surface. 
Such an interstitial space may consist of 
isolated one-dimensional (1D) tunnels, iso- 
lated 2D layers, or a 3D network within a 
framework structure (3). Since 1D tunnels 
can be blocked by stacking faults, attention 
has been focused on 2D and 3D ionic con- 
ductors . 

2.1 Layered Compounds 

The most widely studied solid-solution 
electrodes for lithium ion insertion have 
been layered compounds, which permit 
only 2D lithium ion diffusion (4-7). Essen- 
tially the insertion process involves the 
transfer of electrons to ‘the transition metal 
array from the intercalate (chemical inser- 
tion) or .from an external electrical circuit 
(electrochemical insertion). 

In the system Li,T&, for example, the 
inserted Li+ ions enter into alternate octa- 
hedral site layers of a close-packed hex- 
agonal anion array; charge-neutrality is 
achieved by introducing electrons into the 
3d bands of the TiSz layers (4). The Li+ ion 
mobility is enhanced by the ability of the 
structure to expand along the c-direction. 
These layered transition metal dichal- 
cogenides MX2 consist of close-packed lay- 
ers of MXe octahedra, which are stacked on 
top of each other to form a close-packed 
anion array. Strong bonding exists within 
the layers, whereas only van der Waals 
forces hold the layers together. In these 
materials the anion layers are prized apart 

by the Li+ ions during lithiation. A similar 
c-axis flexibility and Li+ ion transport are 
found in the layered oxide Lii-$002 which 
contains Li+ ions on alternate octahedral 
site layers of a cubic close-packed anion 
array (5). 

2.2 Framework Structures 

The studies on layered compounds dem- 
onstrate the stability of Li+ ions on both 
octahedral and tetrahedral sites. They also 
show that Li+ ions are mobile in a close- 
packed anion array which has an intercon- 
nected space of edge-sharing octahedra. It 
is therefore of interest to examine the trans- 
port properties of lithium in the framework 
spine1 structure and to compare the mo- 
bilities in such a 3D structure with those 
found in the layered compounds. 

In general, the A[&]04 spine1 structure 
(space group Fd3m) has the B cations occu- 
pying half of the octahedral sites (the 16d 
positions) and the A cations occupying an 
eighth of the tetrahedral (Sa) sites within a 
close-packed array of anions (at positions 
32e). The unoccupied octahedral (16~) sites 
form an interconnected 3D array of edge- 
shared sites, identical to the 16d array, but 
shifted by half a lattice parameter in space. 
Each 16c site also shares common faces 
with two 8a sites which allows a possible 
migration pathway for the A cations. 

2.3 Insertion Studies on Fe304 

The possibility that Li+ ion mobilities in 
spine1 oxides could be adequate for battery 
applications has led to the investigation of 
lithium insertion into magnetite. Fe304 
adopts the inverse spine1 structure in which 
the tetrahedral (Sa) sites are occupied by 
Fe3+ ions and the remaining iron atoms 
occupy the octahedral (16d) sites; i.e., it 
has the following cation valence distri- 
bution: 

Fe3+[Fe2+Fe3+]04. 

From an X-ray diffraction study, Thack- 
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eray et al. (I) concluded that, on insertion, 
the lithium ions occupy the vacant octahe- 
dral (16~) sites; repulsive electrostatic 
forces between the Li+ ions and the Fe3+ 
ions in neighboring 8a positions displace 
the Fe3+ ions into adjacent 16c sites. This 
produces the end composition correspond- 
ing to the rock-salt-like structured LiFe304, 
with an expansion of the cubic unit cell. 
The diffraction analysis shows that the 
[FeZlO sublattice, which provides a 3D 
interstitial space for Li+ ion transport, re- 
mains intact during lithiation. The long- 
range order of the Fe ions on the octahedral 
sites is, therefore, not affected by the inser- 
tion reaction. Generally, lithiation in excess 
of x = 1 in LixA[B2]04 causes a breakdown 
of the structure into products that are diffi- 
cult to identify (8). 

From electrochemical information and 
diffraction data Thackeray et al. (1) pro- 
posed that lithium insertion into Fe304 fol- 
lows the pathway: 

FeiL[Fe2+Fe3+] 0 16d 4x 5 

Li:~Fe~~[Fe2+Fe3+]16d04 - 
(I -x,)Li 

producing the rock-salt phase after the ad- 
dition of one lithium per formula unit. At a 
critical concentration, x,, which is found to 
have a small value (<O.l), the 8a-Fe3+ ions 
are cooperatively displaced to the 16c sites. 

The tetragonal spine1 Mn304 has also 
been studied to demonstrate how the dis- 
tortion, due to the presence of Mn3+ in 
excess of a critical concentration (9), disap- 
pears upon lithiation and reduction of Mn3+ 
to Mn*+ (10-12). The construction of a 
satisfactory potential model for the Lii,, 
Mnz04 systems has proved extremely dif- 
ficult, as lithiation is accompanied by a 
reduction of Mn4+ to Mn3+. The problems 
arise from the increase in concentration of 
Mn3+ in the crystal lattice introducing a 
cooperative Jahn-Teller tetragonal distor- 

tion. Consequently we have concentrated 
on a modelling study of insertion into 
Fe304. 

3. Insertion Calculations 

As noted earlier, Thackeray et al. (2) 
were unable to establish accurate structural 
information on lithiation of Fe304 from 
their X-ray intensity data owing to the low 
scattering power of X-rays by lithium. Nev- 
ertheless qualitative structural features 
were obtained from an analysis of the con- 
tributions from the ions to the structure 
factors of the observed reflections. The 
present work demonstrates how atomistic 
theoretical calculations can be used to ex- 
amine lithiation of Fe304 and thus provide 
information of various insertion, aggrega- 
tion, and diffusion processes. 

In evaluating the influence of insertion on 
the transport properties of the material it is 
important to know the exact location of the 
inserted lithium. The location of the ions 
raises two questions. The first is related to 
the fact that the intercalate can occupy 
either the 8a or 16c site. The second con- 
cerns whether the insertion process pro- 
ceeds with displacement of the 8a-Fe3+ ions 
into neighboring unoccupied 16c sites. As a 
method of answering these quesitons, the 
energies of formation on the various lattice 
locations are of interest. In this treatment, 
as in all previous defect studies, it is as- 
sumed that the lithium is fully ionized and 
enters the host lattice as an interstitial 
lithium. Since insertion reactions are gener- 
ally controlled by the rate of solid-state 
diffusion (13) lithium transport properties 
through the 3D interstitial channels are also 
considered. 

3.1 Methodology and Potentials 

The atomistic simulations were per- 
formed using the CASCADE program (14) 
which employs the generalized Mott- 
Littleton procedure. The calculations are 
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TABLE I 

SHORT-RANGE~OTENTIALSAND SHELL-MODEL 
PARAMETERS USED FORTHE INSERTION STUDY 

Interaction A, (ev) At (eV) P (A) c (eV ‘46) 

Fe2+. 02- 694.1 599.4 0.3399 0.0 
Fe3+. .O*- 1102.4 976.6 0.3299 0.0 
Lit. 02- 235.1 206.0 0.3544 0.0 

02.. oz- 22764.3 0.1490 27.88 

Species Y  (14 k (eV A-*, 

FG’ 2.00 10.92 
Fe)+ 4.97 304.70 
Li+ I.00 I05 
02- -2.207 27.29 

Note. Cutoff = I.50 lattice units. 

based on the use of the Born model for the 
ionic solid and require specification of in- 
teratomic potentials representing the inter- 
action both between host lattice ions and 
between host and defect species. It is nec- 
essary to include the effect of ionic polariz- 
ability which is represented by the shell 
model of Dick and Overhauser (15). 

In the present study potential parameters 
for the host lattice, Fej04, are taken from 
the work of Lewis and Catlow (16). It is 
worth noting that these potentials have 
been successfully applied to the study of 
the defect structure and ion migration in 
Fe304 (17). Those for lithium were de- 
veloped by empirical fitting to the lattice 
energy and crystal structure of L&O, which 
adopts the anti-fluorite structure. The 
short-range components of the Li. . .Li 
interaction were included, at least initially, 
but it was found that its effect on the final 
calculated energies was negligible. The 
shell-model and potential parameters used 
are presented in Table I. For a detailed 
discussion of the methodology and applica- 
tions of our calculations we refer to Catlow 
and Mackrodt (28) and Catlow (19). 

3.2 Results and Discussion 

The energies of isolated lithium intersti- 
tials at both the tetrahedral @a) and octahe- 

TABLE II 

FORMATION 
ENERGIES OF 

ISOLATED DEFECTS 

Defect E (ev) 

Li’ @a) -0.91 
Li‘ (16~) - 1.88 
Fe’ @a) 27.18 
Fe’ (16~) 28.15 

dral (16~) sites have been calculated to 
identify preferential insertion sites in the 
spine1 framework and are reported in Table 
II. The relative magnitude of the formation 
energies on the two sites indicates that the 
16c site is more favorable by ca. 1 eV-a 
result that is in accord with the experimen- 
tal data and with the known properties of 
other spine1 oxides. 

As well as isolated defects, calculations 
were performed on clusters containing 
nearest-neighbor lithium interstitials on va- 
cant octahedral sites. Binding energies with 
respect to component interstitials are re- 
ported to assist in the comparison of the 
different clusters. The results in Table 111 
show that aggregation of the lithium, to 
yield small clusters of intercalates, may 
occur. This suggests that clusters could 
form as a precursor to the final ordered 
rock-salt structured phase. However, since 

TABLE III 

CLVSTERSOF LITHIUM 
ON OCTAHEDRAL 

(16~) SITES 

Binding 
Cluster energy (eV) 

2Li’ -0.24 
3Li. -0.20 
4Li’ 1.35 

Note. A negative 
value indicates the sys- 
tem is bound. 
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the cluster consisting of four lithium ions is 
unstable with a positive binding energy, it 
does not seem likely that this mode of 
aggregation would give rise to large defect 
clusters, although it is possible that other 
types of large aggregate could have higher 
stability. 

Within the spine1 structure each 8a tetra- 
hedron shares all four faces with unoc- 
cupied 16~ octahedra. It is thus possible to 
visualize that insertion of Li+ ions into the 
16c positions could lead to displacement of 
the 8a-Fe3+ into adjacent 16c sites, as a 
result of the close cation repulsion. Fur- 
thermore, the lithium is completely ionized 
in this material; the electron donated may 
be either fully delocalized or localized on 
the iron site (20). It has been argued that 
the electron is localized on the 8a-Fe3+ (1). 
Indeed, Chen et al. (21) have shown that 
the presence of reducible cations facilitates 
the uptake of Li+ ions in spinels. 

In Table IV the results of calculations of 
the change in lattice energy on inserting 
lithium and the subsequent creation of Fe2+ 
are presented. We have considered the 
cases in which the reduced iron atom is 
either on the 8a or the 16c site. Examina- 
tion of the binding energies indicate that the 
clusters involving octahedral Fe2+ are more 
stable than the corresponding cluster of 
tetrahedral Fe2+. Furthermore, the stabili- 
zation is greater for the simple pair cluster, 
(Li + Fe;), and may predominate over all 
other simple aggregates. The presence of 

TABLE IV 

CLUSTERS OF Lit AND Fe’+ 

Cluster E (eV) B . E* (eV) 

(Li . Fe;) 23.45 -1.85 
(Li . Fe;) 23.40 -2.87 

(2Li . 2Fe,‘) 46.61 -2.00 

(2Li . 2Fe:) 47.31 -2.62 

Note. t and o refer to the 8a and 16c sites, respec- 
tively. 

* B . E = binding enerw. 

TABLE V 

ENERGIES OF ~ONIZA'rION 
AND SUBLIMATION (22) 

Term E (eV) 

I1.i 5.39 
I[:, 30.65 

E, 1.67 

Now. I,-, = first ioniza- 
tion energy of Li; I,;, = 
third ionization energy of 
Fe; E, = sublimation 
energy of Li,,,. 

16c-Li+, therefore, encourages 16c site oc- 
cupancy of Fe*+. This supports the models 
in which the insertion process proceeds 
with displacement of the tetrahedrally coor- 
dinated iron atom and in agreement with 
the proposed reaction pathway from X-ray 
and electrochemical data (I). It is seen in 
Table IV that the clusters in which Fe2+ 
occupies the 8a site are also bound. 
However, there is a ligand-field term which 
strongly favors the octahedral site for Fe2+. 

The principal contribution to the energy 
of insertion is the difference in chemical 
potential between electrons in the conduc- 
tion band of the host and in lithium metal. 
By treating the electronic states as local- 
ized small polarons the energy of insertion 
can be given by: 

Et = (ZLi - ZF~) + Es + AL, 

where Zri is the first ionization energy of 
lithium, Ire the third ionization energy of 
iron, E, the sublimation energy of L&j, and 
AL the lattice energy term associated with 
the (Li. Fe;) pair. The latter term is 
calculated to be 23.40 eV and hence an 
insertion energy of -0.19 eV is obtained. 
Although there is no experimental value for 
comparison, our estimated energy, which is 
small and exothermic, seems a reasonable 
prediction (see Tables V and VI). 

As commented already, insertion pro- 
cesses are dependent upon the rate of diffu- 
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TABLE VI 

ENERCYOF INSERTION AND 
ENERGYOFACTIVATION FOR 

LITHIUM ION MIGRATION 

when considering the rigid character of the 
spine1 structure, which is volume-con- 
strained, whereas layer structures are flex- 
ible in the c-direction. 

Term 

El 
EA 

E (ev) 

-0.19 
0.57 

4. Structural and Transport Properties 
of LiFesOd 

sion of the intercalate. Therefore, the ex- 
amination of Li+ ion mobility in Fe304 is of 
significant interest. For diffusion the impor- 
tant factor is the relative energy of the sites 
encountered by the Li+ ion as it moves 
through the interstitial channels. The rate 
determining step and hence the activation 
energy is concerned with Li+ ion hopping 
to adjacent interstitial sites. 

Lithiation of Fe304 results in the end 
composition corresponding to LiFe304 and 
involves a filling of the unoccupied 16c sites 
with Li+ ions. The final product is a rock- 
salt-like structure with the following ar- 
rangement of the cations: 

For migration through the interconnected 
edge-shared octahedral (16~) sites we cal- 
culated an activation energy of 0.57 eV. 
There is at present no corresponding quan- 
titative experimental data specifically for 
Fe304. There does, however, seem to be 
evidence for the activation energy for Li 
diffusion through framework-structured 
ternary oxides in the region of 0.5 eV (20), 
which would be consistent with the results 
of the calculations. The calculated activa- 
tion energy suggests high lithium mobility 
even at room temperature through the va- 
cant 16c sites of the close-packed array, 
which contains significant concentrations 
of iron on the 16d sites. The concentration 
of iron atoms is, therefore, not great 
enough to suppress percolation within the 
system. It is noted that no ordering process 
can take place without diffusion which is 
largely determined by the charge and size 
of ions in question. Since the Li+ ion may 
diffuse quite easily, ordering in Fe304 con- 
taining lithium will occur. 

where the braces and brackets enclose 
atoms in octahedral 16c and 16d sites, re- 
spectively. In order to accommodate the 
lithium the tetrahedrally coordinated iron 
has been displaced to octahedral (16~) sites, 
minimizing Li-Fe interactions. In this sec- 
tion we are concerned with the structural 
and ion migration properties of the rock- 
salt phase, paying particular attention to 
atomic ordering and lithium diffusion mech- 
anisms. 

4.1 Structural Modelling 

Our first concern is with the construction 
of a satisfactory unit cell for LiFe304 and 
the subsequent lattice energy minimization. 
As outlined by Catlow (19) the minimum 
energy configuration is calculated from an 
initial structure. This approach is particu- 
larly useful when the initial structure con- 
sists of the ideal atomic positions. Hence 
the rock-salt arrangement is constructed 
from the ideal spine1 unit cell but with 
lithium and iron occupying all the octahe- 
dral interstices. In Figs. 1 and 2 the struc- 
tures of Fe304 and LiFejO are illustrated 
schematically. 

It is also apparent that the diffusion rate We note that the energy minimization 
of Li+ ions in this close-packed structure is includes the variation of the unit-cell vec- 
slower than those exhibited in layered tors, i.e., under constant pressure con- 
structures. This fact is not unexpected ditions, as these parameters are not ac- 
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0 Oxygen : n Fe on 16d ; A Fe on &I. 

FIG. 1. The structure of Fe,04 spine1 in the (001) 
plane. (A) z = 0, A at z = 3; (B) z = a, A at z = 1. 

curately known. The calculated lattice 
energies for LiFe304 and Fe304 are re- 
ported in Table VII. The difference in lat- 
tice energies, AEL, is found to be 22.36 eV. 
On comparison with the formation energy 
of the (Li . Fe’) cluster, AEL, is ca. 1 eV 
lower in energy than the value reported in 
Table IV. This confirms the energetic pref- 
erence for the long-range ordering of the 
Fe’+ and Li+ ions on the 16c sites and 
suggests that the rock-salt structure of the 
lithiated spine1 is stabilized by insertion of 
up to one lithium per formula unit. 

Examination of the 16d-Fe and oxygen 
positions in Fe304 reveals that the relative 
positions are virtually unchanged on lithia- 
tion to form LiFe304. This is in accord with 
diffraction data which show that the octa- 
hedral sublattice [FeZlO remains intact 
during insertion and acts as a close-packed 
anion 3D framework (I). In Table VIII the 

A 

0 Oxygen ; n Fe on 16d ; A Fe on 16~ ; A Li on l6c 

FIG. 2. The structure of the ordered rock-salt 
LiFelO phase in the (001) plane. (A) z = 0; (B) 
z = :. 

TABLE VII 

CALCULATED LATTICE ENERGIES 

Compound EL @VI 

Fe304 -191.50 
LiFe304 -169.14 

AEL@V) 

22.36 

calculated lattice parameter for LiFe304 is 
compared with the experimental values for 
Fej04, Li1.5Fe304, and FeO. We note that 
Fe0 is normally assigned to Fm3m (a = 
4.307 A), but to allow direct comparison 
with the other structures it has been in- 
dexed to a super cell with a = 2 x 4.307 A. 
The calculations indicate that lithiation to 
LiFe304 results in an increase in the cubic 
lattice parameter from 8.396 to 8.450 A, 
which represents a 1.93% volume expan- 
sion of the Fe304 unit cell, consistent with 
experiment. 

4.2 Defect Structure and Lithium 
Diffusion 

Our main concern in this section is the 
calculation of defect formation and activa- 
tion energies for Lit ion diffusion in Li 
Fe304. Table IX presents the calculated 
energies for the formation of isolated va- 
cancies and interstitials, which are com- 
bined to give the Frenkel and Schottky 
energies reported in Tables X and XI, re- 
spectively. One clear prediction follows 
from the results: the predominant mode of 
intrinsic disorder is of the lithium Frenkel 
type; lithium interstitial and vacancy disor- 

TABLE VIII 

LATTICE PARAMETERS 

Compound 

Fe304 
Fe0 
LiFe304 
Li&&h 

a, (4 

8.396(exp) 
8.614(exp) 
8.45O(calc) 
8.474(exp) 
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TABLE IX 

ISOLATED DEFECT ENERGIES 
IN LiFejO, 

Defect E (ev) 

VLI 6.41 
Li; -4.82 
6, 22.26 
Fe;’ - 18.93 
VFC 48.49 
Fe:” -44.41 
Vi’ 23.22 
0: - 13.78 

der should therefore dominate in the pure 
material. 

Since diffusion is controlled primarily by 
the energy parameters associated with the 
formation and migration of point defects, 
activation energies for Li+ ion migration 
were also investigated. The mechanisms 
considered involve the Li+ ion migrating by 
either (i) a vacancy jump, (ii) a direct 
interstitial jump, or (iii) an “interstitialcy” 
jump. These are illustrated in Fig. 3. 

For the lithium vacancy jump the saddle- 
point has the migrating ion equidistant be- 
tween the two lattice sites. Two mecha- 
nisms were considered for the direct inter- 
stitial migration involving edge-sharing and 
face-sharing tetrahedra. Finally the con- 
certed or “interstitialcy” mechanism in- 
volves the correlated motion of ion pairs 
through face-sharing octahedra and tetra- 
hedra. 

Examination of the calculated activation 

TABLE X 

FORMATION ENERGIES OF 
FRENKEL DEFECTS 

Defect 

Li+ 
FeZa 
Fe3+ 
0*- 

E @VI 

1 S8 
3.34 
4.08 
9.44 

E (eV 
per defect) 

0.79 
1.67 
2.04 
4.72 

TABLE XI 

FORMATION ENERGIES OF 
SCHOTTKY DEFECTS 

Defect 
E (eV 

E @VI per defect) 

Liz0 6.27 2.09 
Fe0 5.89 2.94 
Fe203 13.53 2.71 
Fe304 20.64 2.95 
LiFe,O, 23.16 2.90 

energies, reported in Table XII, reveals 
that the lithium interstitial is the more mo- 
bile species via the interstitialcy mecha- 
nism, as opposed to the direct migration. A 
similar result was found for anion intersti- 
tial migration in UOZ (23). Coexistence of 

(I I Vacancy 

(2) Interstitial 

(al (b) 

(3) Interstitialcy 

LX 
/’ 
l /’ 

8 

I” 
r ’ 

w  
l migrating Li ion 

0 Li vacancy 

X interstitial site 

FIG. 3. Lithium diffusion mechanisms in the rock- 
salt structured LiFe,O,. 
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TABLE XII 

ACTIVATION ENERGIES FOR 

LITHIUM ION MIGRATION 

IN LIFE~O~ 

Mechanism E (eV) 

Vacancy (collinear) 0.61 
Vacancy (noncollinear) 2.24 
Interstitial (face) 0.83 
Interstitial (edge) 0.66 
Interstitialcy 0.34 

Li+ ions on tetrahedral @a) and octahedral 
(16~) positions thus provides continuous 
diffusion pathways through an intercon- 
nected 3D network of site faces rather than 
site edges. 

Owing to the lack of experimental data 
on LiFe304 these calculations have a clear 
predictive value. However, the properties 
that emerge from the theoretical survey are 
broadly in line with models postulated from 
experiment (I, 8) and with those of other 
rock-salt structured materials. 

5. Conclusions 

Our discussion has drawn attention to 
four main features of lithium insertion into 
Fe304. First the lithium intercalate prefer- 
entially occupies the vacant octahedral 
(16~) site, and cluster pairs involving octa- 
hedral Fe2+ are more stable than the corre- 
sponding tetrahedral Fe2+ cluster. This 
supports the models in which insertion pro- 
ceeds with reduction and displacement of 
the 8a-Fe3+, in accord with the reaction 
pathway postulated from experiment. Sec- 
ond, we expect high Li+ ion mobility al- 
though relatively slower than those exhib- 
ited in layer structured materials. Third, 
the investigation of LiFe304 confirms the 
long-range ordering of Fe2+ and Li+ ions on 
the interconnected 16c array and suggests 
that the rock-salt structure of the lithiated 
Fe304 is stabilized by insertion of up to one 

lithium per formula unit. Finally, lithium 
Frenkel disorder emerges as the dominant 
mode of intrinsic defect in LiFe304 with the 
interstitialcy mechanism for Li+ ion diffu- 
sion strongly favored. 

The calculations described represent the 
first detailed application of atomistic simu- 
lation techniques to the study of lithium 
insertion. Since a wide range of oxides 
adopt the close-packed spine1 structure, a 
great deal more future work remains in this 
field. 
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