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Topotactic reactions in Li—-M-O systems with M = Mn, Ti,
V, Fe are described in the framework of composition—valence
diagrams, using the Li/M and the transition metal valence
v(M) as coordinates. We show that this representation is very
convenient to depict and compare the various parameters asso-
ciated with insertion/extraction reactions, i.e., the evolution of
v(M), the extent of intercalation x in Li,MO,, the electrochemi-
cal potentials, and the cell parameter changes. New directions
are suggested for topotactic reaction in oxides, especially in
titanium ones. The composition—valence diagram helped in the
detection of inconsistencies in the intercalation potentials in
LiFe;Os, which are corrected using new voltammetric data. We
conclude that lithium intercalation in octahedral sites of iron
spinel oxides occurs at constant voltage around 1.6 V, whichever
the Li—-Fe-0O hOSt may be. [0 1996 Academic Press, Inc.

INTRODUCTION

Low-temperature  topotactic reactions (‘‘Chimie
Douce’’) have resulted in major developments in the solid
state chemistry of transition metal oxides. The systematic
study of oxide bronzes in the period 1950-1980 paved the
way to further advances in the solid state chemistry of
oxides, including the systematic exploration of alkali metal
intercalation using new synthetic routes such as butyl-lith-
ium reactions or electrochemical cells (1, 2). Topotactic
synthetic chemistry also gave access to new compounds,
such as A-MnO, (3), several new forms of TiO, (4, 5), and
very recently CoO, (6), to name a few among oxides.

The understanding of stoichiometry—structure relations
is critically important in this respect: consider for instance
(i) the wide range of cation and oxygen vacancies accomo-
dated in perovskite-related structures (7), (ii) the sequence
of phases found in vanadium oxide bronzes A,V,0s with
increasing x(A = alkali metal), and (iii) the versatility in
cation distribution found in spinel-type oxides (the last
two examples will be addressed in this paper).

Stoichiometry relations are best described using phase

diagrams, and oxygen must be considered as a separate
variable in the case of transition metals where oxidation
states are variable. We shall show here that the classical
phase diagram based on an equilateral triangle is not al-
ways the most convenient way of presenting phase relations
and especially topotactic reactions in ternary systems.

The present paper describes an alternative representa-
tion of ternary oxide systems: the composition—valence
diagram, which emphasizes transition metal valence and
allows direct comparison of intercalation lines. The use-
fulness of such diagrams will be illustrated for systems
Li—-M-0O with M = Mn, Ti, V, and Fe, and the intercalation
potentials in the spinel phases formed in these systems will
be discussed in more detail.

COMPOSITION, VALENCE, AND INTERCALATION IN
THE Li-Mn-O SYSTEM

We shall first illustrate the composition—valence concept
in the Li-Mn-O system, which has been widely studied in
a search for insertion electrode materials for rechargeable
lithium batteries (8). This ternary system includes a wide
range of stoichiometric spinel phases Li,Mn;_,0, ex-
tending from Mn;0, (o = 0) to Li;MnsOy, (o = 4/3). But
it also encompasses many other spinel stoichiometries, with
either cation defects, as in A-MnO, = OMn,0, (3) and
Li,Mn,Oq (9), or cation excess as in the intercalated materi-
als Li;Mn;0, and Li;, ,Mn,O, (10). In the classical, triangu-
lar phase diagram (see Fig. 1 in Refs. (11) and (12), for
instance), stoichiometric spinels correspond to a constant
oxygen content x(O) = 4/7 and follow a line parallel to the
Li-Mn edge (A-C-Mn;0, line in Fig. 1). The manganese
valence, however, is not easily detected, since isovalent
lines form a beam of lines converging to the Li,O point,
while lithium intercalation follows lines converging to the
Li corner (MnO,-B-C line in Fig. 1). Consequently, the
relevant part of the diagram for intercalation studies in
Mn oxide spinels (3 = v»(Mn) < 4) forms a rather flat
surface limited by the nonparallel Mn(4+) and Mn(3+)
lines (see Fig. 1).
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FIG. 1. Ternary phase diagram Li-Mn-O (shown for 0.3 = x(O) = 0.8).

Key experimental parameters when dealing with
insertion/extraction solid state chemistry are the transition
metal valence »(M) and the guest content (x in Lij,,
Mn,0y, for instance), which determines the electrochemi-
cal capacity in the case of a battery. Figure 2 shows the
proposed diagram for the Li-Mn-O system, using as coor-
dinates the Li/Mn ratio and the manganese valence »(Mn)
(shown here for 0 = Li/Mn = 1.3 and 2.25 =< »(Mn) < 4
to emphasize the spinel range). The use of coordinates
related to the transition metal component instead of nor-
malizing to n(Li) + n(Mn) + n(O) = 1 changes some basic
properties of the phase diagram, such as which constant
quantities correspond to sets of parallel lines.

In composition—valence diagrams, it follows from our
choice of axes that isovalent compositions follow hori-
zontal, parallel lines. Two other important stoichiometric
relationships are easily displayed in this kind of diagram.
Constant cation/anion ratios correspond to straight lines
running from top right to lower left (thick full lines in Fig.
2). These lines are no longer parallel as in Fig. 1, but they
still allow one to easily distinguish stoichiometries. For
spinels, the stoichiometric M50, line separates cation-de-
fective compositions (upper left side) and intercalated ones
(lower right side). In this representation, the spinel phase
range forms a triangle bordered by the y-axis, the hori-
zontal v(Mn) = 4 line (top of Fig. 2), and the MO composi-
tion line. The latter two intersect at composition Li,MnO3,
another known Li-Mn-O ternary compound with a dis-

torted rock salt structure (13), i.e., based on the same
oxygen cubic compact network as the spinels.
Consider now the general intercalation reaction

MO, + xLi — Li,MO,.

Since the intercalation of x Li decreases the transition
metal valence from v to v — x, the use of the Li content
with reference to the transition metal M as the abscissa
variable results in intercalation lines of constant slope —1
for intercalation of Li (or —n for a guest of charge +n).
So these form the set of parallel lines running from top
left to bottom right in Fig. 2, where three known such
intercalation lines are shown.

The length of the intercalation segments is directly pro-
portional to the fraction of intercalated lithium x, hence
to the theoretical capacity Qy, of the host material, which
is related to x by the simple equation

QO = 26800x/ M, [1]
with Qy, in mAh/g (M, = molar mass of the host in g/mol).

The normalization to one transition metal atom M in
the x-axis variable also simplifies capacity comparisons,
unlike commonly used formulas such as Li,MnO, and Li,
Mn,0O,, Li, V,0s Li,VsO,3, Li,Fe,O5 Li,Fe;O,, where the
x values are not directly comparable due to variable transi-
tion metal stoichiometries.
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FIG.2. Composition—valence diagram for the Li—-Mn-O system. Known spinel-type compounds are shown by squares (cubic phases) or diamonds
(tetragonally distorted spinels). A = A-MnO,, B = LiMn,0,, C = LibMn,0O4, D = Li;Mn,Oy, and E = Li;MnsO,,. Formulas M,O, refer to constant
overall cation/anion ratios (thick full lines). The dashed horizontal line indicates the approximate border between cubic and tetragonal phases, and

the thin dashed line indicates the limits of Fig. 3.

In the Li-Mn-O system, one immediately notes the
remarkable length of the Li,Mn,0, line ABC (see Fig. 2).
However, this line should actually be considered as the
sum of two separate segments AB and BC, as shown by

=40V 295V
D(Mn+4)204 < Li(Mn+3'5)2O4 < Li2(MH+3)2O4,
Li Li

where the reaction potentials (expressed here as cell volt-
ages vs Li/Li") differ considerably between the left and
right reactions.

At point C (composition Li,Mn,0,) the overall cation/
anion ration reaches 1 (MO line), i.e., the spinel is consid-
ered as fully intercalated (8, 11). Taking now the BC seg-
ment as a reference capacity for intercalation in the stoi-
chiometric Li-Mn-O spinel, one notes that the length of
the intercalation segments between the stoichiometric spi-
nel line BE and the “full insertion” line MO increases
when moving the host composition from point B toward
point E. In fact, this move corresponds to the partial re-
placement of manganese by lighter lithium in the spinel
structure, which decreases the molar mass M and hence
increases the capacity Qy, (see Eq. [I]). This effect comes
to an end at composition Li;MnsO1, (point E), which is the
stoichiometric spinel with highest possible lithium content
compatible with the condition »(Mn) =< 4.

The intercalation lines are still longer if the host compo-
sition can be pushed upward from the BE line inside the
BDE triangle (Fig. 2), corresponding to cation vacant com-
positions. A very favorable case in this respect is Li,Mn,Oq
(point D in Fig. 2). However, it has been shown that revers-
ibility of intercalation into the defect spinel zone requires
a potential in excess of 4 V (9).

Figure 2 also includes some structural information, in
the form of squares or diamonds, which represent known
spinel compositions with cubic or tetragonal structure, re-
spectively. The tetrahedral distortion in manganese spinels,
giving rise to the hausmannite structure, is due to the
Jahn-Teller effect of the Mn>* ion (electronic configura-
tion d*) in octahedral coordination. It is known to induce
a symmetry lowering when the fraction of trivalent manga-
nese exceeds 50% of the total manganese content (11, 14).
This limit is shown in Fig. 2 (dashed horizontal line just
below »(Mn) = 3.5). Note that a tetragonal composition
remains above this line in Fig. 2 (point F, right side), but
doubts were expressed about its exact stoichiometry in the
paper reporting insertion along the EF line (11). Along
the BC intercalation line, we checked by an in situ X-ray
experiment that the tetragonal phase formation starts as
soon as intercalation begins in LiMn,0,, without any de-
tectable range of x with a variable cubic cell parameter (15).

The cubic—tetragonal phase transition is believed to be
a major factor in the loss of reversible capacity observed
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FIG. 3. Enlargement of Li-Mn-O composition—valence diagram, showing cell parameter values (in A)vs composition for various known spinel
compositions with Li/Mn = 0.3. Values for tetragonal structures are the cubic root of the cell volume. *Feng (18), ®Leont’eva (19), “Tarascon (20).

Symbols A-E as in Fig. 2.

in the Li;. Mn,0, system (11, 14). Figure 2 shows that
moving the host composition toward E on the stoichiomet-
ric BE line not only increases the theoretical capacity, but
also brings a larger fraction of the intercalation reaction
above the cubic-tetragonal transition. However, our elec-
trochemical tests (16) did not confirm the improvement in
reversibility reported by Thackeray et al. (11) with initial
host compositions close to Li;MnsO;,. The theoretical val-
ues of total and cubic-phase intercalation capacities as a
function of spinel stoichiometry have been discussed else-
where (16).

Figure 2 also includes electrochemical reaction voltages,
which can be clearly separated into three zones with very
different intercalation thermodynamics:

(i) the 4 V reaction range (above the stoichiometric
spinel line), corresponding to lithium insertion/extraction
from tetrahedral sites;

(ii) awide range of host compositions along the stoichio-
metric BE line giving rise to insertion at 2.9-3.0 V, almost
irrespective of the initial stoichiometry (15, 17), and corre-
sponding to the progressive filling of empty 16¢ octahedral
sites of the spinel structure (8, 15);

(iii) a 1.2 V range for the insertion in Mn;O,.

Finally, one can superimpose structural data to this dia-
gram, as shown in Fig. 3 (using average cell parameter
values for tetrahedrally distorted spinels). The AB (A-
MnO,-LiMn,0,) and BE (LiMn,O,-Li;MnsO;,) lines
have been well characterized (12, 14, 17, 22). The general
trends are the following. The cubic cell parameter de-

creases with increasing manganese valence, whether this
effect is produced by an increase in cation vacancies (lines
BA and BD) or by an increase in Li/Mn ratio (line BE).
At constant manganese valence, the Li/Mn ratio has a
much smaller effect, with a maximum cell parameter value
along the Li/Mn = 0.5 line. Finally, the cell volume in-
creases on intercalation. This variation is 2.6% for the 4 V
reaction AB, much more for the 3 V reactions (6.0% along
BC, 8% from points D and E), with the additional draw-
back of the tetragonal distortion. c/a values are in the range
1.10-1.16 for the fully lithiated phases, with the highest
distortion for Li,Mn,QOy,, i.e., the resulting phase containing
the largest fraction of Mn>".

Other topotactic reactions were reported recently in the
Li—-Mn-O spinel system, namely reversible exchange of
anions. Extraction of oxygen without structural collapse
was observed in Li-Mn-O spinels either by thermogravim-
etry at 800-1000°C (20) or by low-temperature treatment
with gaseous ammonia (21).

The discussion of the Li-Mn—-O composition—valence
diagram focused so far on the spinel phases. Lithium inser-
tion was also studied using as hosts other structural forms
of manganese dioxide, such as 8-MnO, (rutile-type) (23),
v-MnO, (24), or «-MnO, (hollandite-type) (25, 26). The
first two structures, which contain narrow tunnels (1 X 1
and 1 X 2 MnOg octahedra wide, respectively) are unstable
with respect to lithium insertion and transform into the
spinel phase. The hollandite structure, which contains
wider tunnels (2 X 2) usually stabilized by large cations
(K, Ba, Pb, etc.), has recently been prepared with lithium
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FIG. 4. Li-Ti-O composition—valence diagram. Diamonds, spinels; squares, other structures. Filled symbols, compositions achieved by lithium
insertion. A = TiO,, B = LiTi,O,4, C = Li,Ti,O4, D = Li,Ti4O9, and E = Li;Ti5s01,.

as the only second cation (27, 28). “Lithiated hollandite”
has been reported to cycle reversibly up to ca. LipsMnO,
(26), i.e., on the AB segment in Fig. 2. The reaction seems
to be single-phase, with a constant decrease in voltage
between 3.7 and 2.0 V. This range of potentials is markedly
different from that in the spinel system cycled over the
same manganese valence interval.

THE Li-Ti-O SYSTEM

This ternary system presents a number of analogies with
Li-Mn-O, and also significant differences. The composi-
tion—valence diagram is shown in Fig. 4. For titanium va-
lence +3 = »(Ti) = +4, there is an extensive spinel range
including LiTi,0, and Li;TisO,, with their intercalation
lines toward the MO line. LiTi,O, is a remarkable oxide,
exhibiting superconductivity up to 13 K (29).

Few spinel compositions are known in the cation-defi-
cient range (upper left side of the BE line). Bertaut and
Durif (30) reported the vacant spinel Li;Ti;O,¢ (point F),
but the known compound Li, Ti;Oy (point D) has a very
different structure (31). Along the AB line (TiO,-
LiTi,O,), no homolog of the highly cation-deficient A-
MnO, is known. Attempts to extract lithium by topotactic
oxidation at low temperature yielded a disordered product
with broad and weak diffraction lines, corresponding to a
defect rock salt structure (32). Using milder conditions,
Rygula et al. (33), and then Capponi et al. on single crystals
(34), found a limited nonstoichiometry range in the spinel

phase (see arrow in Fig. 4). Variations in stoichiometry
along either the BE or BA line are very interesting because
they have a direct influence on the superconducting critical
temperature 7; this effect is illustrated for Li;_, Ti,0O4 in
Fig. 5. The evolution of T, along the stoichiometric Li; .,
Ti,-, O, solid solution (BE line) has been established by
several authors (29, 36).

LiTi,O, and Li TisOq;, spinels can be intercalated just
as their manganese homologs, with a maximum capacity
from point E (LisTisO;). The electrochemical potentials
vs Li/Li*, however, are considerably lower (=1.5 V). The
evolution of cell parameters on lithium intercalation (see

15 T T T T T T
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°
< 11 * -
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FIG. 5. Evolution of the superconducting critical temperature of

Li;_, Ti,0, with cell parameters (34).



88

STROBEL, LE CRAS, AND ANNE

TiO, D E
4 Tal - 3.357
\
12-1.7V 1.56 V | 1
ramsdellite -
AV 0.16 %  LigTiz07
3.5
/l\ 8.360
= 8.391 L, TigO,4
= ~N
ES 1.34 V
3 b LipTioO4
/ 8.379
2.5 //
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Li/Ti ratio
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composition—valence diagram. Symbols A-E as in Fig. 4.

Fig. 6) shows that the Ti—O network is extremely stable,
showing no distortion and a cell parameter change <0.15%
for both LiTi,O,4 and Li;TisO, hosts. Because of this re-
markable invariability in unit cell size and of its low poten-
tial, Li,TisOy, is considered as a potential anodic electrode
material for Li-ion or “rocking-chair” batteries (36, 37).
A number of other topotactic reactions in the Li-Ti-O
system are summarized in Fig. 7. The Ti** line AE includes

a number of compositions with Li/Ti ratios 2/n (n = 3, 4,
6), which all possess monoclinic layered structures. This
family of phases A,Ti,0,,.1 gives rise to a rich topotactic
chemistry: ion exchange between alkali cations (38) or with
protons, the latter leading to the synthesis of TiO,(B) (4).
However, no lithium intercalation has been reported in
these hosts to our knowledge, although they contain wide
channels between the condensed Ti—O building blocks.
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FIG.7. Enlargement of Li-Ti—-O composition—valence diagram, showing other topotactic reactions. *Marchand et al. (8), *Akimoto (41). Symbols

A-D as in Fig. 4.
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Some interesting topotactic insertion/extraction reac-
tions have been reported in titanium oxides with the rams-
dellite structure. Ramsdellite-type Li,Ti;O; can take up 1
Li per formula, leading to the composition Li;Ti;0; (39).
As observed for the spinels, the variation in cell volume
on lithium insertion is remarkably small (0.16%, see also
Fig. 6). Note that attempts to prepare ramsdellite-type
TiO, from Li,Ti;O; by a synthetic route d la TiO,(B) were
unsuccessful (40). Ramsdellite-type TiO, was finally pre-
pared by a topotactic reaction, but by extracting lithium
from ramsdellite-type LiysTiO, (41), i.e., moving from B
to A rather than from D to A in Fig. 7.

The converse reaction, lithium intercalation from TiO,
(AB line), has been investigated in various titanium diox-
ide forms (32, 42). Rutile and pseudo-brookite take up
only a small fraction of lithium, while anatase and TiO,(B)
intercalate lithium extensively. This difference in reactivity
was ascribed to the occupation of face-sharing octahedral
sites in structures with a hexagonal compact anion packing
(rutile, brookite), giving rise to strong electrostatic repul-
sion (32). Electrochemically, the potentials vs Li/Li* are
<2 V in all cases.

THE Li-V-0O SYSTEM

This system is more complex than the Mn and Ti ones,
because of the wider range of oxidation states available
for the transition metal. The oxide bronze region has been
described previously using triangular diagrams based on
normalized atomic fractions (43—45). This portion of the
Li-V-0O phase diagram is shown in Fig. 8. Again, vana-
dium valences v(V) and intercalation lines are not easy to
depict in this representation. The very flat tetragon of

interest has been distorted in (43) to make the main
Li,V,0s intercalation line perpendicular to the Li,O-—

VO, line.

The Li-V-O composition—valence diagram is given in
Fig. 9, showing the main chimie douce reactions in this
system. It can be conveniently divided in two main subsys-
tems: the V,0Os-related oxides and bronzes, i.e., starting
materials with »(V) > 4, with compositions located in the
upper left corner of the diagram, and the rutile-spinel
group, along the A-B-LiVO, line.

(a) Intercalation Hosts with v(V) > 4 (V,0s, V¢Oqs,
LiV30y)

The composition—valence diagram immediately shows
very long intercalation lines issued from these compounds,
corresponding to high theoretical electrochemical capaci-
ties. However, these lines cross several phase transitions,
even at small Li/V values. In the case of V,0Os, the succes-
sive reactions are the following:

V 0.8 -

0.6 -

0.4 1

0.2 4

FIG. 8. Conventional Li-V-O phase diagram (only the half with
O/V > 1 is shown).

V,05 = a-bronze < g-bronze < §-bronze < y-bronze - w-bronze
I 11 111 v \%

Only the a-bronze phase, which does not extend beyond
Li/V = 0.05, actually retains the V,0s structure. Further
intercalation alters the connecting geometry of the VOs
coordination polyhedra and gives rise to different tunnel
or layer structures (43). These first-order transitions corre-
spond to significant jumps in potential, indicated along the
intercalation lines in Fig. 10.

Reactions I, II, and III are reversible, but not reaction
IV. According to Cocciantelli et al. (46), this is due to the
formation and dissolution of VO?* ions when more than
one Li per V,0s formula unit is inserted. Lithium insertion
along the Li,V,05 can be pushed further, to ca. 3 Li per
formula unit. The deeply discharged “bronze” with x >=
1.8 is a disordered phase called w-V,0s (47). Once formed,
the y- and w-bronzes can be intercalated reversibly, but
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symbols, compositions achieved by lithium insertion. Some oxide bronzes are shown (greek letters). A = VO,, B = LiV,0,.

follow different structural pathways giving rise to new rise to as many successive voltage plateaus on the discharge

forms of V,0s (47-49). curve between 3 and 1.8 V. In spite of these transitions,
With V40,3 as a starting host, Lampe-Onnerud er al. the reversibility seems to be good (50, 51).

(50) clearly established that the intercalation line Li, V4O1; Li, V;0g, which has a different, layered structure (52),

encompasses four different phases up to LisV4O;3 and gives remains single-phase at least up to x ~ 2. The reaction is

5 Og—— T ()K — T T
[ 3av Li1 V08
I 82 V| LiV0s
45 e 12926 V|
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FIG.10. Lithium intercalation voltages (vs Li/Li*) in the Li—V-O composition—valence diagram. The spinel cell parameters (in A) are also shown.
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reversible and occurs in two steps in the potential range
2-3 Vs Li/Li* (53, 54). This system can intercalate lithium
up to x = 4, but high lithium contents lead to a defect
rock-salt-type structure, which accounts for a deterioration
in the insertion—extraction reaction reversibility (55). Fi-
nally, note that amorphous forms of V,0s and LiV;0g
have been prepared by low-temperature chemistry and
have been shown to intercalate lithium with good revers-
ibility (56-58).

(b) The VO,—-LiVO, System

For 3 = »(V) = 4, we find analogies with the Mn and
Ti systems, i.e., possible topotactic intercalation from VO,
with MO,(B) structure or from spinel phases centered
around LiV,0,. Note, however, the absence of a vanadium
analog of the LiyMsO,, spinels known in the Mn and Ti
systems. Such a composition (point E in Fig. 9) would lie
close to the Li, V.05 = Li, V50,5 intercalation line. In the
vanadium system, this line encompasses two-dimensional
or one-dimensional tunnel structures, but no known com-
positions with a 3-D network such as that in spinels. In
fact, the extent of spinel solid solution Li,V;_,04 has not
been established so far, to our knowledge.

Lithium intercalation in VO,(B) leads to a LiysVO,
phase retaining a MO2(B)-type structure. However, it is
clearly a two-phase reaction occuring at 2.55 V vs Li/Li*
(59). Just as in the manganese case, topotactic reactions
of the spinel phase LiV,0, with lithium have been carried
out in both insertion and extraction directions, yielding
Li,V,0, and Li (2, VO,, respectively (60). In both cases,
beyond a critical x value in the range 0.33-0.50 in
Li;., V,0,, the spinel structure is not longer stable and
the vanadium cations rearrange to yield other structural
types (60).

Finally, in the vanadium system, even the a-NaFeO,-
type phase LiVO, gives rise to interesting stoichiometric
variations. It gives rise to a noticeable solid solution range
along the MO line (61) (see arrows in Fig. 9). Lithium can
been easily extracted from it to very low lithium contents
(62, 63). Interestingly, lithium extraction from either
LiVO, or the LiV,0, spinel yield the same trigonal com-
pound Li—y, VO, (point F in Fig. 9), after structural re-
arrangement in the spinel case. All these reactions are
indicated by arrows in Fig. 9.

Intercalation potentials AE are summarized in Fig. 10.
Only the initial part of the Li, V,0s line (from V,0s to the
6-bronze) occurs above 3 V; the absence of such a potential
range on the Li;;, V30 line shows that the vanadium va-
lence is not the only parameter in determining AE. The
first, short step is at 2.8-2.9 V on the Li,V¢O,; and
Li;4,V30g lines. The diagram then shows a wide zone of
lithium insertion at 2.6-2.3 V on all intercalation lines. Its
extent, however, is much larger in Li;,, V30g and the spinel

than in Li, VO3 and Li, V,05. The latter two can interca-
late further, but at less than 2.1 V. Interestingly, these
potential values depend little on the state of order of the
hosts (crystallized vs sol-gel, amorphous phases). On the
other hand, the potential zones thus defined are not deter-
mined by any single parameter such as the vanadium va-
lence or Li content.

The effect of lithium insertion/extraction on the size of
the spinel unit cell is also shown in Fig. 10. It expands on
Li insertion, but to a lesser extent than LiMn,0O,4 (compare
cell parameter values in Figs. 3 and 10).

THE Li-Fe-O SYSTEM

This system is much simpler, because only iron valences
+2 = p(Fe) = +3 are involved in known topotactic reac-
tions. The main compounds in this system are indicated in
Fig. 11. The system is again dominated by the spinel phases,
which include a solid solution Li,Fe; ,O, with 0 < a <
0.5 as well as the y-form of Fe,O3; = Fe[Fes;0,5]0,4, with
octahedral cation vacancies. The three spinels Fe;O,, Li
FesOg, and y-Fe,Oj give rise to lithium insertion reactions,
as shown in Fig. 11 (64-67).

The cell parameter values show that the cell expansion
on lithium insertion is remarkably small: +2.41, +3.01, and
+2.33% for Fe;0,, y-Fe,O;, and LiFesOg, respectively.
These systems exhibit intermediate behavior between tita-
nium and manganese spinels in this respect.

Figure 11 also displays reaction potentials. In the case
of y-Fe,03, electrochemical intercalation was carried out
in situ on a X-ray diffractometer, as well as under potentio-
statically controlled discharge (66). These experiments (see
Fig. 12) unambiguously showed a succession of three sepa-
rate reactions as follows:

(i) UptoLi/Fe = 0.15,filling of octahedral 16¢ vacancies
(potential: 2.1 V vs Li/Li").

(i) A two-phase reaction at 1.60 V starting at Li g4
Fe,03, corresponding to the transformation of a spinel-
type into a rock-salt-type structure (potential: 1.60 V).

(iii) A single-phase reaction at 1.4-1.2 V up to LiFe,Os,
corresponding to the completion of the occupation of the
rock salt octahedral sites.

In the case of LiFes;Og, previous investigations led to
unconsistent results, with reported discharge curves show-
ing either a long flat plateau at 2.1 V (64) or a continuously
decreasing open-circuit potential in the range 1.7-1.2 V
(65). We recently reinvestigated this system in slow-scan-
ning potentiostatic mode (68). The results (see Fig. 12)
show that the intercalation proceeds in two distinct reac-
tions beginning at 1.7 and 1.3 V, respectively. Only the
former is reversible. Figure 12 clearly shows the absence
of any feature at 2.1 V comparable to the intercalation
step in the vacant cationic sites observed in y-Fe,O3, while
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the 1.6—1.7 V step is found in both host compounds. These
results confirm those of de Picciotto et al. (65), with the
additional information that the insertion process in Li
Fe;sOg is split into two separate reactions, detected by slow
potentiostatically controlled reduction.

The intercalation voltages are indicated in the composi-
tion—valence diagram (Fig. 11), showing that the intercala-
tion in 16¢ octahedral sites (between M0, and MO lines)
consistently occurs at potentials 1.5-1.7 V vs Li/Li*, which-
ever the M50, iron spinel host may be. The ordering of
octahedral Li and Fe atoms in LiFesOg (space group P4,33,

0
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FIG. 12. Slow-scanning voltammograms of lithium cells with y-Fe,O5
(66) and LiFesOg (68) as positive electrode.

Li-Fe—O composition—valence diagram. Values of cell parameters from “Ref. (64), PRef. (65), “Ref. (66).

instead of Fd3m) does not seem to affect significantly the
intercalation potential.

Lithium intercalaton in these systems (chemical as well
as electrochemical) can been pushed farther than the theo-
retical structural limit (Li + Fe)/O = 1 (corresponding to
complete occupation of 16¢ and 16d octahedral sites). As
expected, such reactions, which occur below ~1.3 V, are
no longer topotactic and induce much stronger structural
changes, although the cubic network seems to be main-
tained (65, 69). The original structure is not restored on
lithium extraction.

CONCLUSIONS

The use of composition—valence diagrams is very conve-
nient for estimating and comparing the capacities associ-
ated with intercalation reactions. In the case of the Li-
Fe-O system, it helped in the detection of questionable
intercalation potentials. In the Li-Mn-O system, it pro-
vides a useful coordinate system to show trends in the
evolution of cell parameters in a wide solid solution region
(see Fig. 3).

In addition, a comparison of composition—valence dia-
grams for various transition metals can give hints for topo-
tactic reactions known to occur in a given system, which
might deserve more investigations in others. Examples are:

(i) The delithiation of spinels, leading to A-MnO,; this
remains a unique case of spinel oxide with completely



TOPOTACTIC REACTION DIAGRAMS

vacant tetrahedral sites. This possibility was investigated
without success in the titanium system. Other transition
metals might be investigated from this point of view.

(ii) Ion exchange and extraction reactions in ramsdel-
lite-type oxides. The preparation of synthetic ramsdellite
MnO, remains a challenge (70, 71); electrochemical inter-
calation attempts in this host are unsatisfactory for lithium
(72, 73), and still difficult to understand for protons (71).
Yet ramsdellite-type compounds gave very interesting re-
actions in the titanium system: lithium insertion and/or
extraction, as well as ion exchange (38-41).

As a historical note, it should be noted that Brenet and
co-workers introduced some 30 years ago a description
of the Mn-O-H system which already showed the main
characteristics of the composition—valence diagrams (74).
At that time, no connection with intercalation chemistry
was made, but the topotactic character of the system
Mn(OH),~MnOOH-MnO, was already singled out.

Finally, let us point out one deficiency of composition—
valence diagrams. These are constructed solely on the basis
of stoichiometric parameters (cation ratio and transition
metal valence), and therefore cannot make any distinction
between polymorphs of similar composition. However,
most reactions discussed here are topotactic, i.e., largely
governed by structural considerations. In the Li-Ti—O sys-
tem for instance, we discuss three very distinct topotactic
reactions, all falling on the same AB line: (i) lithium extrac-
tion from spinel-type LiTi,Oy, (ii) lithium insertion in vari-
ous TiO, forms, and (iii) lithium extraction from ramsdel-
lite-type LiysTiO, (stoichiometrically = LiTi,Oy).

This mainly shows the limits of a 2-D representation,
and mostly regards the manganese and titanium dioxides,
which possess dioxides with an especially complex crystal
chemistry. In any case, within the composition range of a
given structural type, the superimposition of crystallo-
graphic data to the stoichiometric data, as in Fig. 3, is a
powerful tool for crystal chemistry analysis.
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