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Abstract

Lithium-manganese oxide spinels witfi4lmanganese replaced by Mg, Ti, Co, Ni, Cu, Zn and Ga, yielding formula LW 504 (or
LioMn3MOg) have been prepared. Cationic ordering was known previously ferM and Zn, resulting in a superstructure with primitive
cubic symmetry. Given the poor chemical contrast of X-ray diffraction between Mn and Ti, Co, Ni, Cu or Ga, neutron diffraction studies were
carried out. Evidence of cation ordering is found foeMNi and Cu, but not for Ti, Co or Ga. These results are confirmed by FTIR and Raman
spectroscopies. Doubly-substituted sampleg §Mg 5)[Mn1 5Mq 5]O4 (overall formula LiMrgM2Og) were also prepared for 4 Mg and
Zn. These do not form the primitive superstructure, a result ascribed to the lower manganese valence with respegtsMdidn. Zn-
containing spinels give rise to an extensive Li/Zn cation inversion, which also shows up as additional high-frequency bands in IR and Raman
spectroscopies. This investigation shows that the cell volume is determined by the average octahedral-site cation radius, and that the mail
driving force for octahedral cation ordering is the charge difference between Mn and M atoms.
0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction the 50% Mrt fraction. But it also reduces the intrinsic
capacity on lithium extraction, which is proportional to 4-
The mixed oxide LiMaO, is a normal spinel with space  v(Mn). On the other hand, the presence oEMCr, Fe, Co,
group Fd3m (at room temperature), containing lithium on Ni or Cu gives rise to an extra plateau at high potential
tetrahedral 8 sites and manganese on octahedral difes. due to the oxidation of the dopant M and gives interest to
It is one of the major candidates for positive electrode compositions with relatively high substitution levels [7]. An
materials in lithium batteries [1,2], due to its ability to especially interesting stoichiometry is LiMBgM o504 (or
insert or extract lithium with a theoretical capacity of 148 Li,Mn3MOg), where the replacement of exactly4lof the
mAh/g on both lithium insertion and extraction. However, manganese yields tetravalent Mn only if M is divalent.
its practical use is hindered by capacity fading, especially at  On the basis of available X-ray diffraction data, most
high temperature [3], due to (i) the presence of a cooperativeelectrochemical studies on such substituted materials as-
Jahn—Teller distortion when the Mh fraction exceeds 50%,  sumed a random substitution of M on the manganesé)(16
(ii) structural instability in the high delithiation range. One sjtes. However, the @—1/4 ratio can favour an ordering of
of the main routes considered to reduce this fading is partial the 16/ cations, as in the known compoundsMinsMgOg
substitution of manganese by transition metals M, which [8] and Li;Mn3ZnOg [9]. In the latter case, the ordering
has been thoroughly studied, especially for=MCr, Co,  \yas recently found to depend on preparation conditions [10].
Ni [4-6]. Such doping increases the manganese valencecation ordering has also been predicted from ab initio stud-
v(Mn) in the spinel phase, thus reducing the risk to reach jes for most dopants [11,12]. For4Mn3NiOg, conflicting
results exist in the literature, with both unordered and or-
~* Corresponding author. dered phases cited in ICSD [13-15]. Evidence of local order-
E-mail addressstrobel@grenoble.cnrs.fr (P. Strobel). ing by infrared spectroscopy [16] and by MAS-NMR [17]
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was reported earlier. In this work, we investigate a number  Infrared spectra were recorded on pellets prepared by
of LiMn 1 sMo 504 compounds containing various M species diluting 1 mg sample in 150 mg TIBr; the powders were
with valences ranging fromk 2 to+4. Using neutron diffrac- ~ mixed and pressed under 8 tonsfcrithe apparatus was a
tion and vibration spectroscopies, we will show that compo- Nicolet 710 FTIR spectrometer used in transmission mode
sitions are indeed ordered for M Ni and Cu, whereas the  with a resolution of+2 cmt. The mirror velocity of the
chemical contrast in X-ray diffraction is too weak to estab- interferometer was reduced to 20 cycles/min to increase
lish this by X- ray diffraction. The general trends of random the beam intensity; 200 accumulations were carried out to
vs. ordered 16d site occupation ipbMn3MOg spinelsas a  record well resolved spectra.
function of M charge and size will be discussed. For Raman spectroscopy, pellets of 10 mg sample dis-
persed in 200 mg KBr and carefully grinded before were
pressed under 8 tons/énBpectra were recorded on a Jobin-
Yvon T64000 spectrometer with typical acquisition time one
Samples were prepared by solid state reaction usinghour.The radiation used was supplied by a Spectra Physics
lithium carbonate, highly divided manganese dioxide and RM 20-18 laser operating at 514.5 nm with a 0.8 mW power.
appropriate oxides or carbonates of substituting element
(Mg, Ti, Co, Ni, Cu, Zn or Ga). Among possible trivalent
substituents, aluminum was discarded because previous3. Results
attempts showed synthesis difficulties: solid state reactions
in the Li-Mn—Al-O system produce very stable LIAIO 3.1. Composition and X-ray diffraction analysis
which is practically impossible to eliminate once formed
[18]. Mixtures were ground together and heated repeatedly ~Table 1 summarizes the formulas of all samples, abbre-
at 750-900C in air with intermittent re-grinding and  Viations used, and experimental studies carried out on each
furnace cooling until the X-ray patterns did not change of them. LiMn sMo 504 compositions were prepared with
anymore. For compositions studied by neutron diffraction, the following cation charge combinations: M3/M+4
quantities in the range 10-15 g were prepared. Details for (M = Ti), Mn*367/M*+3 (Ga, Co) and MA*/M+2 (all
the synthesis for M= Mg, Co, Ni and Cu have been reported other substituents). In the cobalt case, the charge distri-
previously [18,19]. bution Mnt367/Cot3 (rather than Mr4/Cot?) was es-
Fired samples were analyzed by X-ray diffraction (XRD) tablished from magnetic susceptibility measurements [19].
using a Siemens D-5000 diffractometer equipped with a dif- Such a charge assignment has been confirmed by numerous
fracted beam monochromator and operating withKGura- studies on Mn—Co spinels [22—-25]. Throughout this paper,
diation. Counting times higher than 20 s/step were system-LiMn 1 .5Mo 504 samples will be abbreviated according to the
atically used to provide good statistics for Rietveld refine- M element present, e.g. “Mg” for LiMisMgo 504 (see Ta-
ments. Neutron diffraction (ND) was carried out at Insti- ble 1).
tut Laue-Langevin, Grenoble, France, using the powder dif- Two compositions with double substitution were also
fractometers D2BX = 1.5940 A) or D1B ¢ = 1.2806 A), prepared, with M replacing simultaneously 0.5 Mn and 0.5
on 10-15 g samples loosely packed in vanadium cylindrical Li. This corresponds to a bsMn1 sMO4 overall formula
cans. (see Table 1, last two lines). Such compositions were
Structural refinements were carried out using the Rietveld prepared for substituents with weak octahedral preference in
method with the WinplotR/Fullprof package [20]. Bond spinels, to avoid complex cation distributions in the resulting
valence sums were calculated using the ValList program [21]. products [26,27], i.e. M= Mg and Zn (labeled “Mg-d”

2. Experimental

Table 1

AMn 1 sMg 504 samples nominal composition, nomenclature and techniques used

Sample abbrev. Formula Nominal Diffraction Spectroscopic Ref.
Mn valence dath studies

Mn@ LiMn 204 35 X, N FTIR, Raman (reference

unsubstituted compound)

Ti LiMn 1 5Tig.504 3.33 X, N - this work

Ga LiMn1 sGay 504 3.67 X, N FTIR, Raman this work

Co LiMn1 5Cop 504 3.67 X, N FTIR, Raman this work

Ni LiMn 1 5Nig 504 4 X, N FTIR, Raman this work

cu1,? ~ LiMn 1 5Cug 504 4 X, N - this work

Mg LiMn 1 sMgo 504 4 X (IR: see [16]) [8]

Zn LiMn1_5Zn0.5O4 4 X - [9,10]

Mg-d Lig.sMn1.5sMgO4 3.67 X FTIR, Raman this work

Zn-d Lig.sMn1 5Zn0Oy 3.67 X FTIR, Raman this work

@ X = X-ray diffraction; N= neutron diffraction.
b cut: purer, small-scale sample, Cu2: non-stoichiometric, larger sample used for neutron studies.
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Fig. 1. XRD patterns in the LiMpsMgsO4 series (in same order as
in Table 1, from bottom to top). P4P4332 cell reflections, P2P213
reflections,” CuO impurity.

and “Zn-d”, see Table 1, bottom). By modifying the charge
on the Li (&) site, this allows to vary the manganese
valence v(Mn) while keeping the octahedral site contents
(Mn1.sMo 5) unchanged.

Fig. 1 shows the XRD diagrams of samples prepared.
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Fig. 2. Low-angle portion of neutron diffraction patterns of samples Co, Ni
and Cu2. Arrows= primitive cubic cell reflections.

the other samples, it shows evidence of slight (Cu, Ga Ti)
to strong (Zn) cation inversion between lithium and the M
atom. Secondly, additional reflections are clearly present in
the Mg and Zn samples—but, remarkably, not in Mg-d and
Zn-d. They are all indexable in primitive cubic unit cells
resulting from cation ordering, B32 for Mg and B13 for

Zn. Such extra reflections indicating cation ordering are not
observed in the other samples.

3.2. Neutron diffraction and structural refinements

The differences in coherent neutron scattering lengths be-

Phase-pure compounds were obtained for all but the Gatween manganese-3.73 fm) and the neighbouring transi-

and Ni samples, which contained very minor amounts of
LiGasOg and NiO, respectively. For M= Cu, two sam-

tion metal elements (Cot2.50, Ni: +10.3, Cu:+7.72 fm)
[28] allow to show experimentally whether or not these

ples were actually made: Cul (small batch) with negligi- cations order on the octahedral sites. The results (see Fig. 2)
ble impurities, and Cu2 (large batch) containing a signif- clearly show the presence of superstructure reflections for
icant fraction of unreacted CuO; this could not be elimi- M = Ni and Cu, and not for M= Co, Ga or Ti.
nated in the large quantity batch which had to be used for  Structural refinements were carried out from powder dif-
neutron diffraction. These impurities were taken into ac- fraction data using pseudo-Voigt profiles. Final Rietveld re-
count in subsequent structure refinements by the Rietveldfinements from neutron diffraction data included the follow-
method. ing variables: (i) global parameters: zero-shift correction, 4
Apart from impurities, significant differences can be seen background polynomial coefficients, (ii) profile parameters
throughout this series in Fig. 1. Firstly, the intensity of the for each phase detected: scale factor, unit cell parameters,
220 reflection (near 31 degree8)ds strong for the Zn- profile parameteré/, V, W andn, (iii) structural parame-
containing samples, weak for Mg-d, and very weak but ters (refined for the main spinel phase only): atomic posi-
present for Cu, Ga and Ti. The intensity of this reflection tions, isotropic displacement parametds,, cation occu-
is entirely due to the contribution of the 8a site scatterer, pancies on the/8and 4 sites (the 12 site, occupied by the
so that its presence reflects heavy atom occupation of theonly small cation, namely Mt is not expected to give rise
tetragonal 8 site. This is expected in Mg-d and Zn-d; in to mixed occupation). Because of expectable strong corre-
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Fig. 3. Observed (points) and calculated (continuous line) neutron diffraction patterns of samples Co (a), Ni (b) and Cu2 (c). Diffgeenfgg. are shown
at the bottom.

lations, occupancies amglso parameters were refined sepa- served and calculated neutron diffraction patterns are given
rately, thenBjso of the atoms with variable occupation fixed in Fig. 3.

in the final stages of refinements.This strategy resulted in  Structural results are summarized in Tables 2 and 3,
24 and 32 variables for samples Ni and Cu. Complete ob- including Mg and Zn-containing samples, for which X-ray
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data were used. The refinements confirmed the presence of a
slight cation inversion for Ti (10%) and Ga (7%), while none
was found for Co. The Ni and Cu phases clearly show an
ordering of octahedral cations intd4nd 12 sites in space
groupP4332. Both contain small (Ni) or large (Cu) fractions
of lithium on the 4 site (see Table 3). In the latter case,
the statistics were significantly improved by including also
a fraction of LpMnQOgs. Given the multiphase character of
these two samples, no constrain on the total Ni or Cu content
was used in the refinements. The under-stoichiometry in Cu
and Ni found is consistent with the presence of unreacted
NiO or CuO. Superstructure lines are weaker for Cu, due
to (i) its smaller Fermi length difference with respect to
Mn, (ii) partial Li/Cu inversion, which results in a ca. 50%
lithium occupation of the octahedral Cib 4ite. Note that
cation inversion has been observed previously in a number
of Cu?*-containing spinels, where it can be dependent on
the sample annealing history [29].

Regarding the Mg and Zn phases, for which cation
ordering was found previously [8-10], it is worth not-
ing the difference in space group4332 for Mg, P2:3
for Zn), which shows up in the X-ray diffraction pat-
tern by the presence of additional reflections in the lat-
ter case (see Fig. 1). This symmetry difference is due
to the strong tetrahedral preference of2Znwhich re-
sults in Li—Zn cation inversion, hence an additional 1:1
cation ordering on the tetrahedral sites which further low-
ers the symmetry. The structural formula of the Zn sample is
then (Lip.sZNng 5)[Mn1 sLip 5]O4, and the octahedral site sub-
stituent is actually lithium. This inversion effect also occurs
in the Zn-d sample, for which the Rietveld refinement gives
the cation distribution (Z#iga.io.17)[Mn1 5Lip.33Z2N0.17]O4.
Note that the two LgsMn1.sMO4 doubly-substituted sam-
ples differ considerably from the LiMrsMo 504 Mg and Zn
samples: they show no evidence of ordering, and have much
larger cell dimensions than the corresponding LiMM ¢ 504
phases.

3.3. Infrared spectroscopy

Spinel-type compounds give rise to fourTinfrared
active modes [16,30]. As shown in Fig. 4a, the most intense
of these in LiMnpO4 are two broad bands; andv, at ca.
610 and 500 cm?, in agreement with the literature [31-33].
The third @¢3) band is observed as weak shoulder on the low-
energy side of the, one at 435 cm. Figs. 4b and 4c show
that these bands are practically unchanged foeNi, Ga
and Co, confirming the absence of Mn/M cation ordering in
these compounds.

For nickel substitution (Fig. 4d), FTIR shows a dramatic
increase in the number of infrared active modes, in agree-
ment with previous results [16]. This feature is readily ex-
plained by group theory analysis, which predicts an increase
from 4 to 21 infrared active modes when the symmetry de-
creases fronFd3m to P4332 [34]. The Co—Ni comparison
illustrates the power of vibration spectroscopy in determin-

Table 2

Summary of Rietveld refinements results on AV 504 samples

Spinel phase results

Global refinement

Data
used

M

Sample

parameters

Joct

Structural formula.(. tet [..

Li [Ms] O4 + 3% Li;MnO3P

x(0) RBragg

a (A)
8.2449(2)

Space group
Fd3m

(297 K)
Fd3m

X2

114

pr
4.9

3.44

0.2632(3)

Mn

Li

Mn

(biooTio.10) [Mn1 50Tig.40li0.10 O4

2.64
2.

0.2626(2)
0.2628(2)
0.2629(2)

(6b3Gap.07) [MN1 505 43ki0.07] O4 + 7% LiGas Og”
Li [Mns0Cop 50l O4

30

2.22
5.17
7.7

—~ A~

~—

3.0
45

7.5
137
115

Ti

Li

Ti

1
2

~

8.2110
8.1379
8.1667
8.1888
8.1869
8.1824
8.2794

Fd3m

Fd3m

Ga

Li

Ga

—

173
289

Co
Ni

Li
Li

Co

Li [Mn_50Nig 44Li0.06] O -+ 1.6% NiOP
(Lig.90C0.10) [Mn1.50CUp 24Lig 26] O4 + 6.2% CuO, 6.2% LiMNnOz°

[
Cc
[

Li[Mny 50Mdo.50 O4
(Zro.50Li0.50) [MNn 1 s0Lio.50] O4

3.34
4.30

—~~

2
2
4

~

P4332
P4332

5.26
87
15.4

Ni

~

75

Cu

Li
Li

Cu2
Mg

~

P4332
P2,3

137

X

Mg

—

2.68 (bis0Mgo.50) [MNn1 50Mdo 50 O4

0.2623(2)
0.2607(4)

—

2

(@rB3Lio.17) [Mny 50Lip.33ZNg.17] O4

2.05

—

o

089
27

9.88
10.1

Zn

Li

Zn

Fd3m

X

Mg

Lio.sMgo 5
Lio.5Zno.5

Mg-d
Zn-d

139 Fd3m

6.13

Zn

neutrons (D2B for Mn and Cu, D1B for Ni—hence higl?r value).

b Mass fraction of foreign phase(s) from Rietveld refinement.

X-rays, N=

ax:

1013

¢ Multiple sites—see details in Table 3 (Ni, Cu), Ref. [18] (Mg), Ref. [9] (Zn).
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Table 3
Structure refinements results #4332 space group
(@) LiMn1 5Nig 504—neutrons (ILL-D1Bx = 1.282 A). 2-phase refinement: spinel 98.4%, NiO 1.6%

Atom Position x y z Biso (A2) Occupation
Li 8¢ 0.007(2) 0.007(2) 0.007(2) 0.5 (fixed) 1 (fixed)

Mn 124 1/8 0.380(1) 0.870(1) 0.71(13) 1 (fixed)

NilLi 4b 5/8 5/8 5/8 0.21(12) 0.87/0.13(2)
o1 & 0.3844(6) 0.3844(6) 0.38446) 0.23(7) 1 (fixed)

02 2% 0.126Q5) 0.14846) 0.85805) 0.23(7) 1 (fixed)

(b) LiMn 1 sCug 504—neutrons (ILL-D1B = 1.282 A). 3-phase refinement: spinel 87.8%, CuO 5.9%MriO3 6.3%

Atom Position X y b4 Biso (AZ) Occupation
Li/Cu 8¢ 0.0032) 0.0032) 0.0032) 1.5 (fixed) 0898/0.102(2)
Mn 124 1/8 0.38296) 0.8671(6) 0.91(6) 1 (fixed)

CulLi 4b 5/8 5/8 5/8 1.0 (fixed) 046/0.54(1)
o1 & 0.38633) 0.38633) 0.38633) 0.69(6) 1 (fixed)

02 24 0.12653) 0.14793) 0.85832) 1.13(4) 1 (fixed)

ing symmetry changes undetectable by X-ray diffraction (the  The Ga sample shows an almost unchanged spectrum
Cu2 sample was not studied by IR spectroscopy due to its(Fig. 5b), while in the cobalt case (Fig. 5c), the intensities of
different stoichiometry and multiphase nature). the T2g(3) and Alg bands are reversed, but without any ad-
FTIR also gives valuable information on the Li-Mn—Mg— ditional band. The intensity reversal in the cobalt case can be
O and Li-Mn-Zn-0O systems. In the former, the infrared due to (i) a significant difference in Raman scattering cross-
spectrum of LiMn sMgo.504 was known to be fully con-  section of the Co—O vibration, as in the case of chromium-
sistent with cation ordering and cubftsymmetry [16]. We doped LiMnO4 [39], (ii) a small-polaron conductivity effect
investigated here the Mg-d composition, for which no su- involving Co**/Mn3+—Cc**/Mn** couples; such an effect
perstructure was detected in XRD in spite of a very similar cannot take place in the gallium case.
composition and strong Mg—Mn chemical contrast. Its FTIR ~ As in the infrared spectrum, the Ni sample gives a very
spectrum (Fig. 4e) indeed confirm the absence of additional different spectrum with much sharper lines resulting from
vibration bands, meaning that an octahedral {¥¥go 5) the symmetry lowering (Fig. 5d). The sharpness of the
composition is not a sufficient condition to induce cation or- Raman bands can be seen as a signature of well separated,
dering. This point will be addressed in the discussion below. ordered Ni and Mn sites with integer valence distribution as
In the Li-Mn—Zn-O series, the Zn-d composition gives in formula (Li'*)2(Mn*t)3(Ni2*)Og. Note that in a recent
rise to two additional IR peaks at 583 and 685 ¢nfsee Raman investigation of the LiMn.,Ni, O4 solid solution, a
Fig. 4f). These features can be attributed to the peculiar splitting of the main Raman doublet was also reported for
cation distribution revealed by XRD in this sample. The oc- x = 0.5, and for this composition only [40]; no structural
currence of extra infrared bands due to distribution changesexplanation was proposed.
involving cations with different masses has been reported For the Zn-d sample, additional modes are also observed
previously; in particular, the high-frequency feature has been (Fig. 5e). The charge distribution is more complex in
assigned to changes in tetrahedral site composition [35,36].this case, with a significant fraction of heavy atom (Zn)
It is clearly visible at 680 cm! in the Zn-d sample, where  occupying the tetrahedral 8a site (see Table 2, last line).
the tetrahedral site is occupied mostly by the heaviest atom, This is the probable origin of the new feature at 700¢m

here Zn (see Fig. 4f). similar high-frequency features have been observed on
inverse spinels such as V[LiNilQ[41]. The splitting of
3.4. Raman spectroscopy the main doublet, which resembles that observed for nickel

substitution, shows that there is a local lattice distortion in

Raman spectra of samples Mn, Ga, Co, Ni and Zn-d are the 167 sites, leading to a loss of translation invariance. Li
shown in Fig. 5. Normal spinels are characterized by a strongand Zrft actually have larger octahedral ionic radii than
doublet at 590-630 cnt, with additional weaker bands  Ni%* [42]. The absence of long-range cation ordering in Zn-
at lower frequency. The five Raman-active modes expectedd, contrary to the Ni sample, can be due to the fact that
for space grouFd3m are listed in Table 4, together with  LiMn 1 sNig.504 and Lip. sMn1.5Z2n0O, differ considerably not
experimental results. In a localised vibration analysis, the only in cation distribution, but also in manganese valence
strongest Ag band is viewed as the stretching of thedi6  (+4 in Ni sample,+3.67 in Zn-d). This point will be
site cation—oxygen bond [33,38]. For LilM@4, the rather addressed in the discussion below.
large bandwidth of the main doublet can be ascribed to  Finally, the frequencies of Mn—O vibrations depends
local lattice distortions resulting from the presence of mixed on bond lengths and strengths, hence on the oxidation
Mn3t/Mn** valence on this site [38]. state of manganese. Table 4 shows a clear shift in Raman
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Fig. 4. FTIR spectra of selected substituted LV 504 (M indicated).

band frequencies between one group comprising trivalent(see Table 5). This allows to draw crystal chemical trends

substituents (G& and CS+ (and Mret as well), and a
second group with divalent substituents®Niand Zrf,
which give higher frequencies of thegand Ag modes.

4. Discussion—structural trends

regarding the factor(s) determining (i) the cell dimensions,
(ii) the occurrence of 1:3 IBsite cation ordering. Note that
in calculating valence differences, Table 5 takes into account
cation distribution inversion as evidenced from structural
refinements: for instance the substituent on the octahedral
site in the Zn-d sample is actually lithium, not zinc.

Focusing first on the cell parameter andd1site—O

Table 2 shows that this work made available a wide range distance, an examination of Table 5 shows that their values
of manganese oxide spinels with cell parameter ranging reflect the influence of two main factors: the substituent
from 8.138 t0 8.304 A, corresponding to substituents M with cationic radius (M) and the manganese valence v(Mn). The

ionic radii from 0.525 (low-spin C¥) to 0.74 (Zrf+) [42].

fact that the cell parameter decreases when a fraction of

Bond distances and bond valence sums have been calculatethanganese is replaced by a larger cation such as Mg, Ni
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Fig. 5. Raman spectra of selected substituted LW 504 (M indicated). Arrows in panel (& positions of expected Raman-active modes.

Table 4
Observed Raman frequencies (inti"r) for AMn4 5Mq 504 samples
Mode Intensity Calc. [33] Obs. [33] Obs. [37] Experimental results

Mn Ga Co Ni Zn-d
Tog(1) vw 354 365 370 368 366 380 411 405
Eg w 434 432 435 421 424 (vw)
T2g(2) m 455 480 482 486 488 481.5 49805 496 (split?)
T2g(3) S 597 590 580 588 593 572 triplet triplet
Alg S 598 625 625 627 639 635 642 642

or Cu shows that the dominant effect is that of manganesev(Mn). This correlation confirms a previous report including
valence. However, the scattering dnvalues obtained for M = Al, Co and Ti only [43]. The highest deviations are
v(Mn) = 3.67 (see Table 5) shows that the manganeseobserved for the Zn samples, which have a more complex
valence alone is not sufficient to determimeand d(1&— cation distribution.

0). In fact, the best correlation is obtained using the average This figure also confirms the charge distribution in the
ionic radius on the 1dsite r16s), as shown in Fig. 6. This  cobalt case: low-spin Cg is the smallest cation in this
could be expected, sineg gy includes the contributions of ~ series and gives the lowestand d(1@—-O) values. Much
r(M) (for 25%) and ofr(Mn), which in turn depends on higher cell parameter and Mn/Co—O distance would have



Table 5

average values

lonic radii r [40], cell parameter, interatomic distances and BVS valences v in AMM 5O, spinels ABOqy [in increasing order of (M)]. ()

v(M(oct.))

v(Mn)
BVS

v(Li)
BVS

rM)  (rieg) V(M) v(Mn) AV Mn/M a d(160-0) d(Mn-0O)  d(M-O) d(A-0)
A Mn-M

r(A)

Q)

BVS

G
1.974(1)

1.944(2)
1.984(2)
1.960(2)
1.969(1)

(R)P (R)P

G
1.958(1)
1.935(2)
1.974(2)
1.954(2)
1.973(1)

*)

order

1.07(4)
1.16(9)
1.04(2)
1.10(6)

8.246
8.138
8.304
8.211

35

0.585
0556

”

(Mn)
Co
Ti

Li

067
—0.67

367
333
367
367

3
4

0.525
0.605

0.62
0.67

»

Li

3.93(5)

3.35(25)
3.58(29)
3.38(27)

Q604
058
059

”

Li

3.32619)
2.800)

067
167

Ga

Li

Li 1.07(5)
Mg 1.99(1)

1.14(8)
1.13(8)
1.09(5)

8.279

Mg (0.63

Lio.sMgo 5

2.27(15)
2.08(4)

3.84(8)
3.96(4)
3.85(8)

(1.962
(1.941)
(1.925

2.062

(1.913
1.911

(1.950

(1.945
(1.949

8.187
8.167
8.189
8.267

+
+
+

2

0565
057
058

0.67

Mg

Li

2.051

069
0.73

Ni 0.59

Li

2.32(19)

2.034

1.921

Cu

Li

Li 1.51(89)
Zn 2.87(63)
Li 1.27(17)

3.34(2)

Li 1.14(6)
Zn 2.17(10)
Li 1.14(8)
Zn 1.85(7)

1.949(4)

1.979(4)

0.60 074 0612 2 367 233

Zn/LiC®

Zng_,Liy
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Zn (2.016

(2.093
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(Li)
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Li¢
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@ Reference unsubstituted compound.

b For ordered compounds specific sites for Mn (12) and M (%).

C Significant Li/M inversion—see Table 2.

d Unapplicable (low-spin Co not taken into account by VaList program).

€ Strained structure.
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Fig. 6. Variation of cell parameter and average octahedral site—oxygen
distance d(16-0O) with average ionic radius of octahedral cation in the
LiMn1.5Mq 504 series.

been expected for a €6—Mn** distribution, since C&,
expected in high-spin configuration, has an octahedral ionic
radius (0.74 A) as large as those ofcwr Zrét [42].

Turning now the occurrence of cation ordering, Table 5
shows that this effect seems to be related to the presence of
large ionic radius substituents, which also correspond to the
largest valence differenaev(Mn—M) > 2. However, neither
Mg-d nor Zn-d obey this trend, in spite of the large size
of the substituent. These doubly-substituted samples differ
from their LiMn1 sMo 504 counterparts mostly by a lower
manganese valence-8.67 instead of+4). This results in
() a lower valence differencav(Mn—-M), (ii) a lower size
difference, since a lower v(Mn) induces an increase in Mn—
O bond length. We can thus conclude that cation ordering in
this series requires (i) a large size difference, (i) tetravalent
manganese.

The separation of Mn and larger M atoms in distinct sites
in space groupP4332 (or P213) allows to place the larger
M atoms in bigger 8 sites (with M—O distances in the range
2.03-2.09 A, and at the same time to reduce the cell volume:
Table 5 shows that all cation-ordered phases have cell
parameters smaller than t&/3m ones (with the exception
of the cobalt phase), in spite of the presence of larger
substituents. The net result is thus a significant optimization
of space occupation. The largest size and valence difference
is observed in the Zn sample, where the octahedral site
substituent is actually lithium: this compound follows the
trend outlined here, and yields the largest difference between
the Mn—O and M—O distances (see Table 5, last line).

Finally, bond valence sum (BVS) have been calculated
for all phases (see Table 5, last three columns). This fac-
tor is relevant for detecting implausible structures or strains
on given atomic sites [44]. Among the unordered phases,
the calculated BVS values exhibit significant valence shifts
starting from the gallium case, indicating strains in the struc-
ture. This applies especially to the Mg-d and Zn-d phases,
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where the large calculated v(BVS) for Mg and Zn indicate

that these cations are under considerable compressive strain
in their crystallographic site. As a consequence, the BVS cal-
culation also gives too small manganese v(BVS). The split-

ting of octahedral sites amongdand 4 sites in theP4332

(or P2,3) space group allows to considerably relax these

P. Strobel et al. / Solid State Sciences 5 (2003) 1009-1018

[6] L. Hernan, J. Morales, L. Sanchez, E.R. Castellon, M.A.G. Aranda,
J. Mater. Chem. 12 (2002) 734.

[7] H. Kawai, M. Nagata, H. Tukamoto, A.R. West, J. Power Sources 81—
82 (1999) 67.
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card 74-1260.

strains, as shown by the values for the Mg and Zn samples.[10] Y.J. Lee, S.H. Park, C. Eng, J.B. Parise, C.P. Grey, Chem. Mater. 14

The BVS values are in excellent agreement with expected
valences in the nickel case. For Cu2, the agreement is only

fair, probably due to the partial Li/Cu inversion and local
Jahn—Teller distortion of the Ct1 ion.

5. Conclusions

The present study addresses the question of cation order-

ing in Li-Mn—0O spinels with 14 substitution on the octahe-
dral sites. To overcome the inability of XRD to detect such

ordering when the cations involved have undistinguishable

(2002) 194.

[11] J.S. Braithwaite, C.R.A. Catlow, J.H. Harding, J.D. Gale, Phys. Chem.
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203.

scattering powers, neutron diffraction was used. This unam-[19] P. Strobel, A. Ibarra-Palos, F. Le Cras, M. Anne, J. Mater. Chem. 10

biguously showed the occurrence of octahedra site ordering

for Ni and Cu substitution, while trivalent substituents (Ga,

Co) or compositions with unsufficient charge difference be-
tween Mn and the substituting atom do not give rise to octa-

(2000) 429.
[20] Rodriguez-Carvajal,
fullweb/powder.htm
[21] A.S. Wills, Dept. of Chemistry, University College, London, UK;
e-mail:a.s.wills@ucl.ac.uk

Physica B 192 (1993) S5&ww-IIb.cea.fr/

hedral cation ordering. These results are confirmed by vi- [22] O. Muller, R. Roy, The Major Ternary Structural Families, Springer,

bration spectroscopy (infrared and Raman), which clearly
shows symmetry lowering in substituted spinels as a func-

tion of substituent.

6. Noteadded in proof

At the time of submitting this manuscript, we became
aware of another structural study of the Li-Mn-Ni—-O
system [45]. Their results from neutron diffraction and FTIR
spectroscopy for composition MBNig 504 fully agree with
the data presented here, (including also the presence of Ni
impurity in the sample obtained).
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