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CHEMISTRY

Single-phase compounds Li,Mn;MOg (M =Mg, Co, Ni, Cu) have been synthesized and investigated as
replacements of LiMn,0, for lithium intercalation below 3 V. They all retain the spinel structure, with cation
ordering on the octahedral M (16d) site for M =Mg only. Cell parameters vary as Co<Ni<MgaCu<Mn and
average M—-O bond lengths as CoxNi<Cu<Mg< Mn. Lithium was intercalated both chemically and
electrochemically. Electrochemical potential step spectroscopy shows features typical of a two-phase
intercalation reaction, in spite of a manganese valence range mostly above the accepted Jahn-Teller distortion
limit (50% Mn>*). The tetragonal distortion is only noticeable at high intercalation levels. It yields c/a
distortion values much lower for M =Co or Ni than for unsubstituted LiMn,0,4. However, no improvement in
electrochemical cyclability was obtained. Magnetic susceptibility measurements show features typical of
frustrated systems, as expected for the 16d sublattice, and confirm that chemical intercalation reaches lithium
contents close to the theoretical limit (one additional Li per AB,O, formula unit). For cobalt substitution,
bond length and Curie constant analysis both lead to a charge distribution Li>[(Mn*™),Mn**Co®*]0g rather

than Liz[(MnAH)3CO2 10

1 Introduction

Li-Mn-O spinel compounds are among the most widely
studied materials for secondary lithium batteries.!> The
normal spinel LiMn,Oy4 is a mixed-valence compound which
can give rise to the following reactions in lithium batteries:

lithium insertion:

LiMn**Mn**]04y = O[Mn*"Mn**]0,+Li

1
cubic, Fd3m cubic, Fd3m M

lithium extraction:
LiMn**Mn**]04+Li = Lip[Mn3*"Mn**]O, )

cubic, Fd3m tetragonal, 74,/amd

where square brackets denote species in octahedral B sites, as is
usual in spinel crystal chemistry. These reactions occur at
potentials ca. 3 or 4V vs. Li/Li* in non-aqueous electrolyte,
respectively.

As shown in this scheme, the 3 V reaction is accompanied by
a structural transition from cubic to tetragonal, which occurs
when the fraction of Mn>* is > 50%." This effect is due to the
Jahn-Teller effect, which is an inherent property of the Mn>~*
ion in octahedral coordination (electron configuration tyg’e,').
This distortion is believed to be a major factor in the large
capacity drop of LiMn,Oy4-based lithium batteries cycled at
3V.! and to a lesser extent at 4 V, because LiMn,O, is on the
verge of the structural transition. In fact, a recent electron
microscopy study showed the presence of grains of tetragonal
phase in LiMn,0, at the end of discharge after cycling above
3.3 V,* and stoichiometric LiMn,O, itself undergoes a slight
tetragonal distortion when cooled below room temperature.’

A close look at the charge distributions in reactions (1) and
(2) shows that only half the manganese atoms are active in each
of these redox processes. Consequently, the range of manga-
nese valences covered in these reactions can be modified by
appropriate substitutions on the ‘inactive’ manganese fraction.

The most obvious case is the solid solution Lij, ,Mn;_,0y4,
where an increase in o raises the initial manganese valence
»(Mn) and allows reaction (2) to proceed partly above the
v(Mn)=3.5 limit. Several groups showed that performances on
the 3V plateau can indeed be enhanced using a starting
Li;; ,Mn,_,0, host with o>0, i.e. higher initial v(Mn).%’

In the more general case of a substitution by yM"* for Mn
(formula Li; . [M"* yMn,_,]O,), the manganese valence varies
as v(Mn)=(7—x—ny)/(2—y) with an intercalation range
0<x<l.

This variation is plotted for n=2 in Fig. 1, showing that the
substitution has a double effect : (i) an increase in initial
manganese valence with y, (ii) a slight increase in the slope of

3.8~

v(Mn)

0 0.2 0.4 0.6 0.8 1
x(Li)
Fig. 1 Evolution of the manganese valence v(Mn) on lithiation for

different substitution levels of divalent cation in the formula
. 2
Lij ; ([Mn,_ ,M**,]O4.
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v(Mn)=1(x), due to the decrease in Mn fraction (2—y) in the
spinel formula unit with increasing y.

The substitution ratio y=0.5 seems particularly interesting:
it gives an initial material containing Mn*" only, and allows
the intercalation of 0.75 Li while staying above the v(Mn)=3.5
tetragonal distortion limit.

We previously studied the compound Li[Mn; sMgj 5]O4 (or
Li;Mn3;MOs).® Tt exhibits a complex intercalation behaviour
with a succession of two- and one-phase intercalation
reactions. Improvements in electrochemical performances
for smaller fractions of Co or Ni were reported by a
number of groups, notably Sanchez et al. regarding the 3V
lithium insertion reaction.”!° We are aware of only one report
of electrochemical studies using the Li;Mn3;MOg stoichio-
metry, by Amine er al. for M=Ni.!'! We examine here the
structural and lithium intercalation properties of Li,Mn;MOg
with M=Mg, Co, Ni or Cu.

2 Experimental

The title compounds were synthesized by solid state reaction.
Appropriate mixtures of reagent-grade carbonates or acetates
were repeatedly fired in alumina crucibles for > 15 h periods at
700 °C under oxygen atmosphere, with intermittent grinding.
The moderate temperature and oxygen atmosphere were used
in order to ensure a maximum manganese valence v(Mn) in the
spinel phases formed, based on the experience acquired on the
Lij  ,Mn,_,04 system. In that study, we found that single-
phase compounds with high v(Mn), ie. high o values,
decompose at higher temperatures into spinel phases with
lower ¥(Mn) and Li,MnO; impurity.”'> An optimum reaction
temperature of 750 °C for the synthesis of Li,Mn;CuQOg was
reported elsewhere.'

Samples were analyzed by X-ray diffraction using a
Siemens D-5000 powder diffractometer equipped with a
diffracted-beam graphite monochromator, rotating sample
holder and operated with Cu-Ka radiation. The structures
were refined from low-counting time diffraction data
(=50sstep ') using the Rietveld method (FULLPROF
program'®).

Electrochemical tests were carried out in liquid electrolyte
at room temperature using 24-30 button cells. The electrolyte
was a 1 M solution of LiClO4 in propylene carbonate (PC)—
ethylene carbonate (EC)-dimethoxyethane (DME) (1:1:2).
Positive electrodes were cut from mixtures of the dried oxide
powder with 20% carbon black (Y50 grade, SNNA, Berre,
France) and 10% PTFE. Typical quantities of active material
used in electrochemical cells were 25-50 mg. The negative
electrode was 200 pm-thick lithium foil (Metall Ges.,
Germany). No reference electrode was used because the
potential is essentially constant at the anode interface. Cells
were assembled in a glove box under argon with <1 ppm
H,O. Electrochemical studies were carried out using a
MacPile controller (BioLogic, Claix, France), either in
galvanostatic mode (for repeated cyclings) or in step-potential
electrochemical spectroscopy (SPES),'>!¢ using typically
10mV h™! potential steps.

In order to ensure the availability of gram-scale amounts of
fully lithiated samples for further structural and magnetic
studies, chemical lithiation experiments were carried out on the
Co, Ni and Cu compounds using a proprietary procedure of
CEA, Grenoble,'” which is milder and easier to carry out than
the classical butyllithium route.

Static magnetic susceptibility and magnetization measure-
ments were carried out using an extraction magnetometer
(L. Néel Lab., Grenoble) in the temperature range 4-300 K,
usually in a field of 0.1 T. Selected samples were also measured
in the range 300-800 K.
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Fig. 2 X-Ray powder patterns of Li,Mn3;MOg (M =Mg, Co, Ni, Cu,
Mn) (top to bottom). p: reflections due to a primitive cubic cell (see
text); *: NiO reflections.

3 Results

3.1 Synthesis and structural characterization

X-Ray powder patterns of Li,Mn3;MOg compounds are shown
in Fig. 2. For M =Co, Ni and Cu, all observed reflections are
indexible in the spinel structure (Fd3m space group), with the
exception of traces of NiO in the case of nickel (see asterisks in
Fig.2). This result confirms previous studies,!"'® which
showed that pure Li,Mn3;NiOg could not be obtained by
solid-state reaction. However, the NiO content found here is
low (1.7 wt%, from a two-phase structural refinement) and its
influence on electrochemical results is probably negligible.

The diffraction pattern of Li,Mn;MgOg (Fig. 2, top) displays
numerous additional reflections, which can be indexed using a
primitive cubic cell instead of the face-centered spinel one. This
lowering of symmetry is due to an ordering of the cations on the
octahedral (16d) sites of the spinel structure!® and results in a
PA4332 space group. The results of structure refinements are
summarized in Tables 1 and 2. The cell parameters obtained are
in good agreement with previously reported values. All
substitutions investigated induce a decrease in the cell para-
meter a, and have little effect on the oxygen parameter. Rietveld
refinements confirmed that all substituents investigated occupy
16d sites. The very weak, but visible 220 peaks (at 20~ 31° in
Fig. 2), prompted to us to test a partial occupation of
tetrahedral (8a) sites by M atoms: the resulting occupation
was <0.015in all cases. Our Li,Mn3;CuOg sample, in particular,
differs in this respect from that investigated by Ein-Eli ez al.,
which was obtained by a sol-gel technique'® and found to
contain 10% copper on tetrahedral sites.

The evolution of M-O distances with substitution (see
Table 1) shows the combined influence of two effects: (i) the
size of the substituant atom, (ii) the change in manganese
valence v(Mn). The former effect concerns 1/4 of the octahedral
site cations, the latter 3/4. The fact that a (and the M-O
distance) decreases when replacing a fraction of Mn by larger
cations (Mg, Ni, Cu) shows that the manganese valence change
effect is prevailing: on substitution by M**, »(Mn) is increased
from +3.5 to +4, corresponding to an average Mn ionic
radius 0.585 and 0.53 A, respectively. Cobalt substitution
decreases the M-O distances most, suggesting the presence of
Co*™ rather than Co®>" in the structure. This has been
confirmed by magnetic susceptibility measurements (see section
3.4). Finally, we note that, in spite of a larger size difference,
nickel and copper do not induce cation ordering on the 16d
sites as magnesium does.



Table 1 Structural data for Li,Mn;MOg compounds, as determined by Rietveld refinement

Cell parameter/A

Tonic radius® Oxygen

B*°/A? Refinement parameters

Octahedral M-O distance

M /A Space group Literature This work parameter’ Oxygen cations /A N—-P+C R, P Rpragg
Mn” 3+ 0.64 Fd3m 8.2449(2) 0.2632(3) 1.958x6  —¢
44 0.53
Mg 2+ 0.67 P4;32 8.183% 8.1869(4) — 3.01)  2.29(6) Mn: 1.881x2 3977 154 137 3.34
(spinel 1.919x2
super 1.940x 2
structure) Mg: 2.062 x 6
Co 2+ 0.74 Fd3m 8.13" 8.1379(2) 0.2629(2) 1.36(9) 0.65(4) 1.935x6 2307 1.7 1.79 2.20
3+ 0.61
Ni¢ 2+ 0.69 Fd3m 8.1741; 8.1667(2) 0.2634(2) 1.70(13) 0.79(6) 1.938x6 1854 145 1.67 2.35
8.163
Cu 2+ 0.73 Fd3m 8.192" 8.1888(2) 0.2633(3) 1.38(12) 0.89(6) 1.944x6 1647" 9.50 2.17 291

“Only variable atomic coordinate in the spinel structure (cubic, Z=4). ®Parent compound LiMn,Oy, included for reference. “See ref. 21. ¢ See

Table 2. “Two-phase refinement; this sample contains 1.7 wt% NiO.

3.2 Electrochemical behaviour

Fig.3 shows SPES slow-scanning voltammograms of
Li,Mn;MOg (M=Mn, Co, Ni, Cu) in the range 2.2—
3.5 V. All samples exhibit one main reversible current peak
corresponding to lithium insertion/extraction from the spinel
structure. The reduction and oxidation peaks for a given
sample do not overlap, but have a common starting potential
[see enlargement in Fig. 3(b)]. This behaviour is typical of a
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Fig. 3 (a) SPES voltammograms of Li,Mn;MOg (M =Mn, Co, Ni,
Cu) recorded in lithium button cells at 10 mV h™!. Currents have been
normalized to the amount of sample. (b) Enlargement of the central
area of (a), showing the definition of the equilibrium potentials
(arrows).

Table 2 Refined atomic positions for Li,Mn3MgOg (space group
P4532)

Atom Position X y z B/ A?
Li 8c 0.01(3) 0.01(3) 0.01(3) 1.40(5)
Mg 4b 518 518 518 2.29(6)
Mn 12d 1/8 0.3799(3) 0.8701(3)  2.29(6)
o1 8¢ 0.384(1) 0.384(1) 0.384(1) 3.0(1)
02 24e 0.1249(5) 0.1500(9) 0.8584(7) 3.0(1)

two-phase reaction.”® It is observed on all samples, showing
that an increase in initial manganese valence from Mn*°* to
Mn** does not modify the basic features of lithium intercala-
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Fig. 4 Charge-discharge cycling of Li,Mn;CoOg (a) and Li;Mn3NiOg
(b). The first five (Co), four (Ni) cycles were monitored potentiosta-
tically at 10mV h™! steps, the following ones galvanostatically at
~ C/40 rate. Relevant cycle numbers are indicated. The x scale refers to
the spinel formula unit, i.e. Lij  M5O0y4.
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tion in Li-Mn-O spinel. However, substitution induces a slight
shift in potential, in the order U(Co)= U(Ni)< U(Cu)<
U(Mn). The equilibrium potentials U.q at 25°C [interpolated
between reduction and oxidation waves in Fig. 3(b)] are as
follows (£5mV): Mn 298V, Cu 291V, Mg 281V (ref. 7),
Co, Ni 2.795 V.

These potentials scale well with average M-O distances,
which increase in the order Cox~Ni < Cu < Mn, if one ignores
the Mg case, where Mg and Mn occupy distinct structural sites.

LiMgg sMn, sO4® shows a similar main reversible two-phase
peak, but this is followed on reduction by two other reactions
centered at 2.25 and ca. 1.80 V, each accounting for about half
of the capacity of the first peak. No such reactions was
observed on the other samples: as shown in Fig. 3(a), the
current-voltage curves for M =Co, Ni, Cu are very flat in the
2.25V range.

Examples of galvanostatic cycling are shown in Fig. 4. The
length of the 3 V plateau decreases steadily, even at low cycling
rates (here ~ C/40, i.e. full discharge in 40 h). In addition, the
voltage plateau shows an increasingly sharp break at 2.4-2.5V,
which is ascribed to kinetic limitations. In fact, even at such low
charge/discharge rate, the system is far from equilibrium under
the galvanostatic regime. A clear evidence for this is the fast
jump in potential observed on relaxation at the end of each
discharge: U goes back to 2.70 V within 2-3 h, with an
increasing initial slope of U(r) with increasing cycle number (see
Fig. 5). In the galvanostatic regime, these materials show no
improvement with respect to unsubstituted LiMn,QOy, in spite
of the increase in initial manganese valence induced by cationic
substitution (see Fig. 6). For M=Ni, this result differs
markedly from that obtained recently by Amine et al.,'' who
found a much lower capacity drop using a Li,Mn;NiOg sample
prepared by a sol-gel technique. This difference shows that the
much smaller grain size and/or larger specific surface area of
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Fig. 5 Evolution of potential on relaxation at the end of discharge at

2.0V at different charge-discharge cycles for Li,Mn3CoOg (a) and
Li;Mn;NiOg (b).
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Fig. 6 Evolution of the cathode capacity as a function of the number
of charge—discharge cycles n for various Li;Mn;MOg compounds.

the sol-gel sample is probably a major factor in the cycling
performances.

The positive electrode pellets of several electrochemical cells
were submitted to X-ray diffraction after cycling. As shown in
Fig. 7 and 8, the X-ray diffraction patterns obtained after
discharge at 2.0-2.4 V show hardly any difference with respect
to the host (neglecting contributions from the sample holder).
Very weak and broad additional lines, which can be ascribed to
a tetragonally-distorted spinel, are observed in a few cases only,
for instance a Li;Mn3CuOQg cell discharged to x~0.90 (Fig. 8,
middle).

Such a behaviour, which is @ priori surprising since SPES
showed clearly two-phase behaviour in all cases, can be
explained as follows. With an initial stoichiometry
Li,Mn;M?*Og, the theoretical limit of intercalation corre-
sponds to a manganese valence v(Mn)=23.33, whereas these
materials can be discharged to x(Li) =0.75 without crossing the
Jahn-Teller distortion limit v(Mn)=3.50 (Fig. 1). Experimen-
tally, x(Li) is found to drop below 0.75, which is equivalent to
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Fig. 7 X-Ray powder patterns (Cu-Ka radiation) of Li;Mn3CoOg and
its lithiated derivatives. From bottom to top: initial sample, electro-
chemically lithiated pellet discharged down to 1.86V
(x=0.86), chemically lithiated powder. Arrows indicate the strongest
additional reflections ascribed to a tetragonally-distorted spinel.
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Fig. 8 X-Ray powder patterns (Cu-Ko radiation) of Li,Mn;CuOg and
its lithiated derivatives. From bottom to top: initial sample, electro-
chemically lithiated pellet discharged down to 2.0V (x=0.92),
chemically lithiated powder.

108.6-110.0 mA h g~ !, for a few cycles only, as shown by Fig. 4
and 6. Consequently, no tetragonal distortion is expected to
occur in such cells. A similar result was obtained for the first
reduction peak in Li,Mn;MgOg (ref. 8).

It remains to reconcile this apparently constant unit cell with
the SPES results. A remarkable example of a similar behaviour
is the titanium spinel Lis ,Ti50, system, which shows a very
flat, two-phase like lithiation potential with negligible change in
cell volume.?* This problem was solved recently by Scharner
et al.,*® who analyzed carefully high-angle diffraction data and
indeed found a two-phase system with a cell parameter change
of 0.0057 A, i.e. 0.07%. A similar mechanism can be proposed
here: for Li,Mn3;MgOg with M = Mg and Ni, we observed a cell
parameter increase of ca. 0.006 A. Fig. 9 shows an example of
the slight line shift observed on high-angle diffraction patterns
for LizMngNiOg.

3.3 Chemical lithium intercalation

The X-ray powder patterns of chemically lithiated samples are
compared to those of the initial compounds and the
electrochemically discharged ones in Fig. 7 and 8. The chemical
route clearly produces tetragonally-distorted spinels (haus-
mannite-type structure, space group 4 /amd). All lithiated
samples still contained a fraction of cubic spinel phase. These
were estimated from two-phase structural refinements for
Li;Mn3;Co0Og and Li;Mn;NiOg, and found to lie in the range
5-6%. The evolution of structural parameters is summarized in
Table 2. The copper-substituted phase is rather atypical: it
shows broad reflections, and is the only sample for which the
cell volume variation AV is markedly different from that
observed for LiMn,0,4. Other substitutions give rise to AV
values comparable to LiMn,QOy, but differ considerably in the
magnitude of tetragonal distortion. This point is addressed
further in section 4.

3.4 Magnetic behaviour

Magnetic susceptibilities of the Li,Mn3;MOg series are shown in
Fig. 10-13. All but lithiated Li,Mn;CuOg could be fitted with a
Curie-Weiss law in a high enough temperature range; most
samples were measured both below and above room tempera-
ture. The values of Curie constant C and 0 are given in Table 3.
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Fig. 9 High-angle reflections of Li,Mn3NiOg (bottom) and its
electrochemically lithiated derivative (top).

No shoulder or kink is observed at temperatures corresponding
to possible magnetic impurities, such as Li;MnO;
(Tn=36.5K), Mn;04 (Tc=49 K) or Mn,O5 (Tn=80 K).*
However, lithiated samples showed nonlinear y~'(7) variation
above ca. 500 K (see Fig. 11 and 12, insets). This behaviour is
ascribed to decomposition of the unstable lithiated spinel
structure. We showed recently that chemically lithiated
Li;Mn,04 decomposes at ca. 650 K into a stoichiometric
spinel and the lithium-rich phase Li,MnO;.>’

Magnetic data for unsubstituted LiMn,O4 are included in
Table 3 for comparison. Our results for this compound are in
good agreement with literature data, giving 6 values in the
range —260 to —273 K.!19-28-30

Turning now to substituted samples, the simplest case is
Li,Mn3;MgQOg, with a non-magnetic substituent and tetravalent
manganese only. The 0 value is slightly positive, indicating the
presence of ferromagnetic interactions. Order sets in only at
temperature <10 K (see Fig. 10). The Curie constant is in
excellent agreement with that expected for a tetravalent Mn
compound (see Table 3). Note that this behaviour is quite
different from that of the defect spinel A-MnQ,, which has

=—104 K.*! The ordered replacement of one quarter of the
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Fig. 10 Temperature dependence of the molar magnetic susceptibility
of Li,Mn3MgOg in a 0.1 T field.
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Table 3 Crystallographic data for chemically lithiated Liy; 4 vy Mn;MOg compounds

Initial Lithiated
M alA VIA3 aeup /A clA VA3 cla AV (%) Comments
Mn 8.2449(2) 560.47(4) 7.9943(3) 9.2415(5) 590.61(8) 1.156 +5.38
Mg 8.1869(4) 548.73(8) 8.158(4) 8.693(3) 578.5(8) 1.066 +5.43 Electrochemical lithiation, x=0.7%
Co 8.1379(2) 538.94(4) 8.0506(4) 8.8086(5) 570.91(8) 1.094 +5.93 + 5% cubic spinel
Ni 8.1667(2) 544.68(4) 8.0852(4) 8.7549(7) 572.3(1) 1.083 +5.07 +6.5% cubic spinel
Cu 8.1888(2) 549.11(4) 8.012(3) 9.289(9) 596(1) 1.159 +8.58 Broad reflections, -+ cubic spinel

“Referring to the spinel cubic cell; in the Hausmannite-type I-centered tetragonal cell, am:uwb/\/Z.
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Fig. 11 Temperature dependence of the molar magnetic susceptibility
of Liyi4+yMn3CoOg in a 0.1 T field. Open symbols: x=0, closed
symbols: x=1. Inset: susceptibility data for lithiated sample up to
750 K.

Mn** ions by non-magnetic Mg>* thus changes considerably
the magnetic interactions in the 16d sublattice.

All other compounds studied, where no cationic order was
detected, have negative 0 values. The cobalt case is peculiar,
since several charge distributions can be considered. As shown
in Table 4, the best agreement with the Curie constant is found
for formula Li,[((Mn**),Mn>*Co**15]0s. Such a distribution
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Fig. 12 Temperature dependence of the molar magnetic susceptibility
of Liy1 4+ xyMn3;NiOg. Data below and above 300 K were measured with
fields H=0.1 and 4T, respectively. Open symbols: x=0, closed
symbols: x=1. Inset: susceptibility data up to 750 K.
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is consistent with bond length data discussed in section 3.1, and
with charge distribution in other mixed (Mn,Co) spinel
oxides.>? The low-temperature behaviour (Fig. 11) indicates a
possible antiferromagnetic ordering below ca. 12 K. The Curie
constant of the lithiated cobalt spinel lies between theoretical
values for reduction of manganese (Mn*" to Mn*") and
reduction of cobalt (Co®* to Co®™).

Li,Mn;NiOg shows a large increase in magnetic suscept-
ibility at low temperature, starting at ca. 120 K on cooling (see
Fig. 12). This feature could be due to the formation of 16d-
cation clusters resulting from the strong magnetic frustration in
the structure, which prevents spin ordering. This situation is
not significatively altered by lithiation: lithium insertion does
not modify the 16d sublattice, and the slight bond distances
and angles changes do not remove the strong 16d frustration.
Note that both Mg?* and low-spin Co™ are diamagnetic, so
the nickel case is the first one encountered here where all 16d
cations contribute to magnetic interactions. The lithiated
compound ‘Li4Mn;NiOg’ gives the least satisfying agreement
between experimental (4.68) and expected (4.396) Curie
constant values. This may indicate that lithiation did not
proceed to completion (i.e. Li_4 in the above formula).

Finally, Li;Mn;CuOg (Fig. 13) exhibits a behaviour compar-
able to the cobalt system, with possible ordering below 12 K.
The lithiated compound was not studied in detail, since X-ray
diffraction showed that it is strongly disordered.

4 Discussion

The Li;Mn3;MOg series is interesting because it allows
considerable modification of the manganese valence v(Mn) in
LiMn,0,, while introducing neither vacancies nor distortions.
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Fig. 13 Temperature dependence of the molar magnetic susceptibility
of Li;,Mn;CuQg. Data below and above 300 K were measured with
fields H=0.1 and 4 T, respectively.



Table 4 Magnetic susceptibility parameters of Lis(; 4y Mn3;MOg compounds

M X Curie-Weiss law temperature range/K 0/K c wug Charge distribution Cexpected
Mn 0 300-800 —265 4.65 6.10 Mn*+/3+ 4.875
Mg 0 150-300 +28 2.82 475 Mn**/Mg>+ 2.812
Co 0 250-300 —-100 3.36 5.18 Mn**/Co** 3.750

Mn**3+/Co** (high spin) 4.875

Mn**3+/Co** (low spin) 3.375
Co 1 300-500 -271 434 5.89 Mn>*/Co** (low spin) 4.500

Mn* 3+ /Co** (low spin) 4.125
Ni 0 500-800 -72 3.34 5.17 Mn**/Ni2* 3.312
Ni 1 300-500 -52 3.91 4.68 Mn**+3+/Ni2* 4.396
Cu 0 500-800 —24 2.935 4.846 Mn**/Cu?* 3.00
Cu 1 Non linear

“Per spinel formula (AB,O,).

As found preViously6 for Li,Mn4Og and LisMnsO;,, both with
a high initial manganese valence, electrochemical studies and
subsequent X-ray analyses showed that the tetragonal distor-
tion in the Li, Mn3MOsg is negligible for lithiation levels
lower than 0.75 Li per AB,O,4 formula unit, corresponding to
v(Mn)= +3.5. Interestingly, the cobalt compound follows this
general trend, although it was shown to contain 25% Mn>™*
(charge distribution [Mn**,Mn>**Co**]).

In spite of this important difference between Li-Mn-O and
Li;Mn3;MOg spinels, a very similar capacity fade was observed
on cycling on the latter, at least for samples prepared by solid
state reaction. These results thus question the usually accepted
picture attributing performance fading in LiMn,O4-based
electrochemical cells to the occurrence of tetragonal distortion.
In fact, the key parameter in electrochemical capacity fading
could be rather the oxide morphology (grain size and/or specific
surface area), as shown by the remarquable improvement
recently reported on sol-gel Li,Mn3NiOg (ref. 11). The
evidence of bad kinetics of Li insertion/extraction in solid-
state Li,Mn3;MOg observed in the present study, even on slow
cycling rates (=~ C/40), is consistent with that hypothesis. In
addition, tetragonal derivatives of Li,Mn3;MOg spinels were
obtained by chemical lithiation. The extent of lithiation was
confirmed by the evolution of Curie constants, while the nature
of the magnetic interactions showed little change, as expected
from the conservation of the [Mn;M] sublattice geometry. The
magnitude of the tetragonal distortion (see Fig. 14) shows that
Li;Mn;MOg spinels with M =Mg, Co or Ni follow the general
trend known in the Li; ., .Mn,_,Oy series.>® Li,Mn3;CuOy is
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Fig. 14 Evolution of the tetragonal distortion c¢/a in various Li-Mn
spinel oxides. Data for chemically lithiated and quenched samples are
taken from refs. 22 and 29, respectively.

quite atypical in this respect, showing a considerably enhanced
tetragonal distortion. This feature can be ascribed to the fact
that Cu®* is itself a Jahn-Teller ion (electron configuration
tzgéeg3). Consequently, the presence of Cu®* on the 16d sites
enhances the Jahn-Teller distortion. Again, we note the
absence of any correlation between the increase or decrease
in Jahn-Teller distortion for the fully lithiated products and the
electrochemically capacity on cycling.

5 Conclusions

We describe here the preparation, structural and magnetic
characterization, and lithium intercalation behaviour of
various derivatives of LiMn,O,. Cationic substitutions on
the manganese (16d) site allow to increase the manganese
valence, and structural and magnetic measurements confirmed
that the stoichiometry expected was reached within experi-
mental error. Rather surprisingly, no improvement in electro-
chemical cycling performances at 3 V were noted, in spite of the
absence of noticeable tetragonal distortion after a few cycles in
lithium batteries. Chemical lithiation also showed that the
terminal Li,(Mn,M),0O4 phases are tetragonal, but with a
considerably reduced distortion with respect to LiMn,O, for
samples with M = Mg, Co or Ni. This study thus questions the
possible correlation between electrochemical capacity fade and
tetragonal distortion in this system.

Finally, we showed that the magnetism in the Li,Mn3;MOg
family is dominated by the frustration resulting from the 16d
sublattice configuration, which consists in a three-dimensional
array of corner-sharing tetrahedra. In the case of M=Ni,
clusterization probably occurs below 120 K. Further magnetic
studies are in progress on these materials.
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