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Abstract

Lithium-manganese oxide spinels with 1/4 manganese replaced by Mg, Ti, Co, Ni, Cu, Zn and Ga, yielding formula LiMn1.5M0.5O4 (or
Li2Mn3MO8) have been prepared. Cationic ordering was known previously for M= Mg and Zn, resulting in a superstructure with primiti
cubic symmetry. Given the poor chemical contrast of X-ray diffraction between Mn and Ti, Co, Ni, Cu or Ga, neutron diffraction stud
carried out. Evidence of cation ordering is found for M= Ni and Cu, but not for Ti, Co or Ga. These results are confirmed by FTIR and R
spectroscopies. Doubly-substituted samples (Li0.5M0.5)[Mn1.5M0.5]O4 (overall formula LiMn3M2O8) were also prepared for M= Mg and
Zn. These do not form the primitive superstructure, a result ascribed to the lower manganese valence with respect to LiMn1.5M0.5O4. Zn-
containing spinels give rise to an extensive Li/Zn cation inversion, which also shows up as additional high-frequency bands in IR an
spectroscopies. This investigation shows that the cell volume is determined by the average octahedral-site cation radius, and th
driving force for octahedral cation ordering is the charge difference between Mn and M atoms.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

The mixed oxide LiMn2O4 is a normal spinel with spac
groupFd3m (at room temperature), containing lithium o
tetrahedral 8a sites and manganese on octahedral 16d sites.
It is one of the major candidates for positive electro
materials in lithium batteries [1,2], due to its ability
insert or extract lithium with a theoretical capacity of 1
mAh/g on both lithium insertion and extraction. Howev
its practical use is hindered by capacity fading, especial
high temperature [3], due to (i) the presence of a coopera
Jahn–Teller distortion when the Mn3+ fraction exceeds 50%
(ii) structural instability in the high delithiation range. On
of the main routes considered to reduce this fading is pa
substitution of manganese by transition metals M, wh
has been thoroughly studied, especially for M= Cr, Co,
Ni [4–6]. Such doping increases the manganese vale
v(Mn) in the spinel phase, thus reducing the risk to re
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the 50% Mn3+ fraction. But it also reduces the intrins
capacity on lithium extraction, which is proportional to
v(Mn). On the other hand, the presence of M= Cr, Fe, Co,
Ni or Cu gives rise to an extra plateau at high poten
due to the oxidation of the dopant M and gives interes
compositions with relatively high substitution levels [7]. A
especially interesting stoichiometry is LiMn1.5M0.5O4 (or
Li2Mn3MO8), where the replacement of exactly 1/4 of the
manganese yields tetravalent Mn only if M is divalent.

On the basis of available X-ray diffraction data, mo
electrochemical studies on such substituted materials
sumed a random substitution of M on the manganese (d)
sites. However, the 3/4–1/4 ratio can favour an ordering o
the 16d cations, as in the known compounds Li2Mn3MgO8

[8] and Li2Mn3ZnO8 [9]. In the latter case, the orderin
was recently found to depend on preparation conditions [
Cation ordering has also been predicted from ab initio s
ies for most dopants [11,12]. For Li2Mn3NiO8, conflicting
results exist in the literature, with both unordered and
dered phases cited in ICSD [13–15]. Evidence of local or

ing by infrared spectroscopy [16] and by MAS-NMR [17]
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was reported earlier. In this work, we investigate a num
of LiMn1.5M0.5O4 compounds containing various M spec
with valences ranging from+2 to+4. Using neutron diffrac
tion and vibration spectroscopies, we will show that com
sitions are indeed ordered for M= Ni and Cu, whereas th
chemical contrast in X-ray diffraction is too weak to esta
lish this by X- ray diffraction. The general trends of rando
vs. ordered 16d site occupation in Li2Mn3MO8 spinels as a
function of M charge and size will be discussed.

2. Experimental

Samples were prepared by solid state reaction u
lithium carbonate, highly divided manganese dioxide a
appropriate oxides or carbonates of substituting elem
(Mg, Ti, Co, Ni, Cu, Zn or Ga). Among possible trivale
substituents, aluminum was discarded because prev
attempts showed synthesis difficulties: solid state react
in the Li–Mn–Al–O system produce very stable LiAlO2,
which is practically impossible to eliminate once form
[18]. Mixtures were ground together and heated repeat
at 750–900◦C in air with intermittent re-grinding an
furnace cooling until the X-ray patterns did not chan
anymore. For compositions studied by neutron diffracti
quantities in the range 10–15 g were prepared. Details
the synthesis for M= Mg, Co, Ni and Cu have been report
previously [18,19].

Fired samples were analyzed by X-ray diffraction (XR
using a Siemens D-5000 diffractometer equipped with a
fracted beam monochromator and operating with CuKα ra-
diation. Counting times higher than 20 s/step were syst
atically used to provide good statistics for Rietveld refi
ments. Neutron diffraction (ND) was carried out at Ins
tut Laue-Langevin, Grenoble, France, using the powder
fractometers D2B (λ = 1.5940 Å) or D1B (λ = 1.2806 Å),
on 10–15 g samples loosely packed in vanadium cylindr
cans.

Structural refinements were carried out using the Rietv
method with the WinplotR/Fullprof package [20]. Bon

valence sums were calculated using the VaList program [21].

b Cu1: purer, small-scale sample, Cu2: non-stoichiometric, larger sample
Infrared spectra were recorded on pellets prepared
diluting 1 mg sample in 150 mg TlBr; the powders we
mixed and pressed under 8 tons/cm2. The apparatus was
Nicolet 710 FTIR spectrometer used in transmission m
with a resolution of±2 cm−1. The mirror velocity of the
interferometer was reduced to 20 cycles/min to incre
the beam intensity; 200 accumulations were carried ou
record well resolved spectra.

For Raman spectroscopy, pellets of 10 mg sample
persed in 200 mg KBr and carefully grinded before w
pressed under 8 tons/cm2. Spectra were recorded on a Job
Yvon T64000 spectrometer with typical acquisition time o
hour.The radiation used was supplied by a Spectra Ph
RM 20-18 laser operating at 514.5 nm with a 0.8 mW pow

3. Results

3.1. Composition and X-ray diffraction analysis

Table 1 summarizes the formulas of all samples, ab
viations used, and experimental studies carried out on
of them. LiMn1.5M0.5O4 compositions were prepared wi
the following cation charge combinations: Mn+3.33/M+4

(M = Ti), Mn+3.67/M+3 (Ga, Co) and Mn+4/M+2 (all
other substituents). In the cobalt case, the charge d
bution Mn+3.67/Co+3 (rather than Mn+4/Co+2) was es-
tablished from magnetic susceptibility measurements [
Such a charge assignment has been confirmed by num
studies on Mn–Co spinels [22–25]. Throughout this pa
LiMn1.5M0.5O4 samples will be abbreviated according to t
M element present, e.g. “Mg” for LiMn1.5Mg0.5O4 (see Ta-
ble 1).

Two compositions with double substitution were a
prepared, with M replacing simultaneously 0.5 Mn and
Li. This corresponds to a Li0.5Mn1.5MO4 overall formula
(see Table 1, last two lines). Such compositions w
prepared for substituents with weak octahedral preferen
spinels, to avoid complex cation distributions in the result

products [26,27], i.e. M= Mg and Zn (labeled “Mg-d”

)

Table 1
AMn1.5M0.5O4 samples nominal composition, nomenclature and techniques used

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

Mna LiMn2O4 3.5 X, N FTIR, Raman (reference
unsubstituted compound

Ti LiMn 1.5Ti0.5O4 3.33 X, N – this work
Ga LiMn1.5Ga0.5O4 3.67 X, N FTIR, Raman this work
Co LiMn1.5Co0.5O4 3.67 X, N FTIR, Raman this work
Ni LiMn 1.5Ni0.5O4 4 X, N FTIR, Raman this work
Cu1,2b ≈ LiMn1.5Cu0.5O4 4 X, N – this work
Mg LiMn1.5Mg0.5O4 4 X (IR: see [16]) [8]
Zn LiMn1.5Zn0.5O4 4 X – [9,10]
Mg-d Li0.5Mn1.5MgO4 3.67 X FTIR, Raman this work
Zn-d Li0.5Mn1.5ZnO4 3.67 X FTIR, Raman this work

a X = X-ray diffraction; N= neutron diffraction.

used for neutron studies.
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Fig. 1. XRD patterns in the LiMn1.5M0.5O4 series (in same order a
in Table 1, from bottom to top). P4:P4332 cell reflections, P2:P213
reflections,* CuO impurity.

and “Zn-d”, see Table 1, bottom). By modifying the char
on the Li (8a) site, this allows to vary the mangane
valence v(Mn) while keeping the octahedral site conte
(Mn1.5M0.5) unchanged.

Fig. 1 shows the XRD diagrams of samples prepa
Phase-pure compounds were obtained for all but the
and Ni samples, which contained very minor amounts
LiGa5O8 and NiO, respectively. For M= Cu, two sam-
ples were actually made: Cu1 (small batch) with negl
ble impurities, and Cu2 (large batch) containing a sig
icant fraction of unreacted CuO; this could not be elim
nated in the large quantity batch which had to be used
neutron diffraction. These impurities were taken into
count in subsequent structure refinements by the Riet
method.

Apart from impurities, significant differences can be se
throughout this series in Fig. 1. Firstly, the intensity of t
220 reflection (near 31 degrees 2θ ) is strong for the Zn-
containing samples, weak for Mg-d, and very weak
present for Cu, Ga and Ti. The intensity of this reflect
is entirely due to the contribution of the 8a site scatte
so that its presence reflects heavy atom occupation o

tetragonal 8a site. This is expected in Mg-d and Zn-d; in
Fig. 2. Low-angle portion of neutron diffraction patterns of samples Co
and Cu2. Arrows= primitive cubic cell reflections.

the other samples, it shows evidence of slight (Cu, Ga
to strong (Zn) cation inversion between lithium and the
atom. Secondly, additional reflections are clearly presen
the Mg and Zn samples—but, remarkably, not in Mg-d a
Zn-d. They are all indexable in primitive cubic unit ce
resulting from cation ordering, P4332 for Mg and P213 for
Zn. Such extra reflections indicating cation ordering are
observed in the other samples.

3.2. Neutron diffraction and structural refinements

The differences in coherent neutron scattering lengths
tween manganese (−3.73 fm) and the neighbouring trans
tion metal elements (Co:+2.50, Ni: +10.3, Cu:+7.72 fm)
[28] allow to show experimentally whether or not the
cations order on the octahedral sites. The results (see F
clearly show the presence of superstructure reflections
M = Ni and Cu, and not for M= Co, Ga or Ti.

Structural refinements were carried out from powder
fraction data using pseudo-Voigt profiles. Final Rietveld
finements from neutron diffraction data included the follo
ing variables: (i) global parameters: zero-shift correction
background polynomial coefficients, (ii) profile paramet
for each phase detected: scale factor, unit cell parame
profile parametersU , V , W andη, (iii) structural parame-
ters (refined for the main spinel phase only): atomic p
tions, isotropic displacement parametersBiso, cation occu-
pancies on the 8b and 4c sites (the 12d site, occupied by the
only small cation, namely Mn4+, is not expected to give ris

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). DifferencesIobs− Icalc are shown

at the bottom.

a-
d

d in

iven

3,
lations, occupancies andBiso parameters were refined sep
rately, thenBiso of the atoms with variable occupation fixe
in the final stages of refinements.This strategy resulte

24 and 32 variables for samples Ni and Cu. Complete ob-
served and calculated neutron diffraction patterns are g
in Fig. 3.

Structural results are summarized in Tables 2 and

including Mg and Zn-containing samples, for which X-ray
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data were used. The refinements confirmed the presenc
slight cation inversion for Ti (10%) and Ga (7%), while no
was found for Co. The Ni and Cu phases clearly show
ordering of octahedral cations into 4b and 12d sites in space
groupP4332. Both contain small (Ni) or large (Cu) fraction
of lithium on the 4b site (see Table 3). In the latter cas
the statistics were significantly improved by including a
a fraction of Li2MnO3. Given the multiphase character
these two samples, no constrain on the total Ni or Cu con
was used in the refinements. The under-stoichiometry in
and Ni found is consistent with the presence of unrea
NiO or CuO. Superstructure lines are weaker for Cu,
to (i) its smaller Fermi length difference with respect
Mn, (ii) partial Li/Cu inversion, which results in a ca. 50
lithium occupation of the octahedral Cu 4b site. Note that
cation inversion has been observed previously in a num
of Cu2+-containing spinels, where it can be dependent
the sample annealing history [29].

Regarding the Mg and Zn phases, for which cat
ordering was found previously [8–10], it is worth no
ing the difference in space group (P4332 for Mg, P213
for Zn), which shows up in the X-ray diffraction pa
tern by the presence of additional reflections in the
ter case (see Fig. 1). This symmetry difference is
to the strong tetrahedral preference of Zn2+, which re-
sults in Li–Zn cation inversion, hence an additional 1
cation ordering on the tetrahedral sites which further lo
ers the symmetry. The structural formula of the Zn samp
then (Li0.5Zn0.5)[Mn1.5Li0.5]O4, and the octahedral site su
stituent is actually lithium. This inversion effect also occu
in the Zn-d sample, for which the Rietveld refinement gi
the cation distribution (Zn0.83Li0.17)[Mn1.5Li0.33Zn0.17]O4.
Note that the two Li0.5Mn1.5MO4 doubly-substituted sam
ples differ considerably from the LiMn1.5M0.5O4 Mg and Zn
samples: they show no evidence of ordering, and have m
larger cell dimensions than the correspondingLiMn1.5M0.5O4
phases.

3.3. Infrared spectroscopy

Spinel-type compounds give rise to four T1u infrared
active modes [16,30]. As shown in Fig. 4a, the most inte
of these in LiMn2O4 are two broad bandsν1 andν2 at ca.
610 and 500 cm−1, in agreement with the literature [31–33
The third (ν3) band is observed as weak shoulder on the l
energy side of theν2 one at 435 cm−1. Figs. 4b and 4c show
that these bands are practically unchanged for M= Ti, Ga
and Co, confirming the absence of Mn/M cation ordering
these compounds.

For nickel substitution (Fig. 4d), FTIR shows a drama
increase in the number of infrared active modes, in ag
ment with previous results [16]. This feature is readily
plained by group theory analysis, which predicts an incre
from 4 to 21 infrared active modes when the symmetry
creases fromFd3m to P4332 [34]. The Co–Ni compariso

illustrates the power of vibration spectroscopy in determin-
a

ab
le

2
um

m
ar

y
of

R
ie

tv
el

d
re

fin
em

en
ts

re
su

lts
on

A
M

n
1.

5M
0.

5O
4

sa
m

pl
es

am
pl

e
A

M
D

at
a

G
lo

ba
lr

efi
ne

m
en

t
S

pi
ne

lp
ha

se
re

su
lts

us
ed

a
pa

ra
m

et
er

s

R
w

p
χ

2
S

pa
ce

gr
ou

p
a

(Å
)

x
(O

)
R

B
ra

gg
S

tr
uc

tu
ra

lf
or

m
ul

a
(..
.)

te
t[

..
.]

oc
t

n
L

i
M

n
N

4
.9

11
.4

F
d

3m
8.

24
49

(2
)

0.
26

32
(3

)
3.

44
L

i[
M

n 2]
O

4
+

3%
L

i 2
M

nO
3

b

(2
97

K
)

i
L

i
T

i
X

7
.5

3.
0

F
d

3m
8.

30
39

(2
)

0.
26

26
(2

)
2.

64
(L

i
0.

90
T

i 0
.1

0)
[M

n
1.

50
T

i 0
.4

0L
i 0

.1
0]

O
4

a
L

i
G

a
X

13
.7

4.
5

F
d

3m
8.

21
10

(1
)

0.
26

28
(2

)
2.

30
(L

i
0.

93
G

a 0
.0

7)
[M

n
1.

50
G

a 0
.4

3L
i 0

.0
7]

O
4

+
7%

L
iG

a 5
O

8
b

o
L

i
C

o
X

11
.5

1.
73

F
d

3m
8.

13
79

(2
)

0.
26

29
(2

)
2.

22
L

i[
M

n 1.
50

C
o 0

.5
0]

O
4

i
L

i
N

i
N

5
.2

6
28

.9
P

4 3
32

8.
16

67
(2

)
c

5.
17

L
i[

M
n 1

.5
0N

i 0
.4

4L
i 0

.0
6]

O
4

+
1.

6%
N

iO
b

u2
L

i
C

u
N

8.
7

7.
5

P
4 3

32
8.

18
88

(2
)

c
7.

7
(L

i 0
.9

0C
u 0

.1
0)

[M
n

1.
50

C
u 0

.2
4L

i 0
.2

6]
O

4
+

6.
2%

C
uO

,6
.2

%
L

i 2M
nO

3
b

g
L

i
M

g
X

15
.4

1.
37

P
4 3

32
8.

18
69

(4
)

c
3.

34
L

i[
M

n 1
.5

0M
g 0

.5
0]

O
4

n
L

i
Z

n
X

9.
88

0.
89

P
2 1

3
8.

18
24

(2
)

c
4.

30
(Z

n 0
.5

0L
i 0

.5
0)

[M
n

1.
50

L
i 0

.5
0]

O
4

g-
d

L
i 0

.5
M

g 0
.5

M
g

X
10

.1
2.

7
F

d
3m

8.
27

94
(2

)
0.

26
23

(2
)

2.
68

(L
i

0.
50

M
g 0

.5
0)

[M
n

1.
50

M
g 0

.5
0]

O
4

n-
d

L
i 0

.5
Z

n 0
.5

Z
n

X
6.

13
1.

39
F

d
3m

8.
26

78
(2

)
0.

26
07

(4
)

2.
05

(Z
n 0.
83

L
i 0

.1
7)

[M
n

1.
50

L
i 0

.3
3Z

n 0
.1

7]
O

4

a
X

=
X

-r
ay

s,
N

=
ne

ut
ro

ns
(D

2B
fo

r
M

n
an

d
C

u,
D

1B
fo

r
N

i—
he

nc
e

hi
ghχ

2
va

lu
e)

.
b

M
as

s
fr

ac
tio

n
of

fo
re

ig
n

ph
as

e(
s)

fr
om

R
ie

tv
el

d
re

fin
em

en
t.

c
M

ul
tip

le
si

te
s—

se
e

de
ta

ils
in

Ta
bl

e
3

(N
i,

C
u)

,R
ef

.[
18

](
M

g)
,R

ef
.[

9]
(Z

n)
.

T S S M T G C N C M Z M Z



1014 P. Strobel et al. / Solid State Sciences 5 (2003) 1009–1018
Table 3
Structure refinements results inP4332 space group

(a) LiMn1.5Ni0.5O4—neutrons (ILL-D1B,λ = 1.282 Å). 2-phase refinement: spinel 98.4%, NiO 1.6%

Atom Position x y z Biso (Å2) Occupation

Li 8c 0.007(2) 0.007(2) 0.007(2) 0.5 (fixed) 1 (fixed)
Mn 12d 1/8 0.380(1) 0.870(1) 0.71(13) 1 (fixed)
Ni/Li 4b 5/8 5/8 5/8 0.21(12) 0.87/0.13(2)

O1 8c 0.3844(6) 0.3844(6) 0.3844(6) 0.23(7) 1 (fixed)
O2 24e 0.1260(5) 0.1484(6) 0.8580(5) 0.23(7) 1 (fixed)

(b) LiMn1.5Cu0.5O4—neutrons (ILL-D1B,λ = 1.282 Å). 3-phase refinement: spinel 87.8%, CuO 5.9%, Li2MnO3 6.3%

Atom Position x y z Biso (Å2) Occupation

Li/Cu 8c 0.003(2) 0.003(2) 0.003(2) 1.5 (fixed) 0.898/0.102(2)

Mn 12d 1/8 0.3829(6) 0.8671(6) 0.91(6) 1 (fixed)
Cu/Li 4b 5/8 5/8 5/8 1.0 (fixed) 0.46/0.54(1)

O1 8c 0.3863(3) 0.3863(3) 0.3863(3) 0.69(6) 1 (fixed)
O2 24e 0.1265(3) 0.1479(3) 0.8583(2) 1.13(4) 1 (fixed)
the
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ing symmetry changes undetectable by X-ray diffraction (
Cu2 sample was not studied by IR spectroscopy due t
different stoichiometry and multiphase nature).

FTIR also gives valuable information on the Li–Mn–Mg
O and Li–Mn–Zn–O systems. In the former, the infrar
spectrum of LiMn1.5Mg0.5O4 was known to be fully con
sistent with cation ordering and cubicP symmetry [16]. We
investigated here the Mg-d composition, for which no
perstructure was detected in XRD in spite of a very sim
composition and strong Mg–Mn chemical contrast. Its FT
spectrum (Fig. 4e) indeed confirm the absence of additi
vibration bands, meaning that an octahedral (Mn1.5Mg0.5)
composition is not a sufficient condition to induce cation
dering. This point will be addressed in the discussion be

In the Li–Mn–Zn–O series, the Zn-d composition giv
rise to two additional IR peaks at 583 and 685 cm−1 (see
Fig. 4f). These features can be attributed to the pecu
cation distribution revealed by XRD in this sample. The
currence of extra infrared bands due to distribution chan
involving cations with different masses has been repo
previously; in particular, the high-frequency feature has b
assigned to changes in tetrahedral site composition [35
It is clearly visible at 680 cm−1 in the Zn-d sample, wher
the tetrahedral site is occupied mostly by the heaviest a
here Zn (see Fig. 4f).

3.4. Raman spectroscopy

Raman spectra of samples Mn, Ga, Co, Ni and Zn-d
shown in Fig. 5. Normal spinels are characterized by a str
doublet at 590–630 cm−1, with additional weaker band
at lower frequency. The five Raman-active modes expe
for space groupFd3m are listed in Table 4, together wit
experimental results. In a localised vibration analysis,
strongest A1g band is viewed as the stretching of the 16d-
site cation–oxygen bond [33,38]. For LiMn2O4, the rather
large bandwidth of the main doublet can be ascribed
local lattice distortions resulting from the presence of mix

3+ 4+
Mn /Mn valence on this site [38].
.

The Ga sample shows an almost unchanged spec
(Fig. 5b), while in the cobalt case (Fig. 5c), the intensities
the T2g(3) and A1g bands are reversed, but without any
ditional band. The intensity reversal in the cobalt case ca
due to (i) a significant difference in Raman scattering cro
section of the Co–O vibration, as in the case of chromiu
doped LiMn2O4 [39], (ii) a small-polaron conductivity effec
involving Co3+/Mn3+–Co2+/Mn4+ couples; such an effec
cannot take place in the gallium case.

As in the infrared spectrum, the Ni sample gives a v
different spectrum with much sharper lines resulting fr
the symmetry lowering (Fig. 5d). The sharpness of
Raman bands can be seen as a signature of well sepa
ordered Ni and Mn sites with integer valence distribution
in formula (Li1+)2(Mn4+)3(Ni2+)O8. Note that in a recen
Raman investigation of the LiMn2−xNixO4 solid solution, a
splitting of the main Raman doublet was also reported
x = 0.5, and for this composition only [40]; no structur
explanation was proposed.

For the Zn-d sample, additional modes are also obse
(Fig. 5e). The charge distribution is more complex
this case, with a significant fraction of heavy atom (Z
occupying the tetrahedral 8a site (see Table 2, last li
This is the probable origin of the new feature at 700 cm−1;
similar high-frequency features have been observed
inverse spinels such as V[LiNi]O4 [41]. The splitting of
the main doublet, which resembles that observed for ni
substitution, shows that there is a local lattice distortion
the 16d sites, leading to a loss of translation invariance. L+
and Zn2+ actually have larger octahedral ionic radii th
Ni2+ [42]. The absence of long-range cation ordering in
d, contrary to the Ni sample, can be due to the fact
LiMn1.5Ni0.5O4 and Li0.5Mn1.5ZnO4 differ considerably no
only in cation distribution, but also in manganese vale
(+4 in Ni sample,+3.67 in Zn-d). This point will be
addressed in the discussion below.

Finally, the frequencies of Mn–O vibrations depen
on bond lengths and strengths, hence on the oxida

state of manganese. Table 4 shows a clear shift in Raman
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Fig. 4. FTIR spectra of selected substituted LiMnM O (M indicated).
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band frequencies between one group comprising triva
substituents (Ga3+ and Co3+ (and Mn3+ as well), and a
second group with divalent substituents Ni2+ and Zn2+,
which give higher frequencies of the T2g and A1g modes.

4. Discussion—structural trends

Table 2 shows that this work made available a wide ra
of manganese oxide spinels with cell parameter rang
from 8.138 to 8.304 Å, corresponding to substituents M w
ionic radii from 0.525 (low-spin Co3+) to 0.74 (Zn2+) [42].

Bond distances and bond valence sums have been calculate
(see Table 5). This allows to draw crystal chemical tre
regarding the factor(s) determining (i) the cell dimensio
(ii) the occurrence of 1:3 16d-site cation ordering. Note tha
in calculating valence differences, Table 5 takes into acc
cation distribution inversion as evidenced from structu
refinements: for instance the substituent on the octahe
site in the Zn-d sample is actually lithium, not zinc.

Focusing first on the cell parameter and 16d site–O
distance, an examination of Table 5 shows that their va
reflect the influence of two main factors: the substitu
cationic radiusr(M) and the manganese valence v(Mn). T
fact that the cell parametera decreases when a fraction

dmanganese is replaced by a larger cation such as Mg, Ni
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Fig. 5. Raman spectra of selected substituted LiMn1.5M0.5O4 (M indicated). Arrows in panel (a)= positions of expected Raman-active modes.

Table 4
Observed Raman frequencies (in cm−1) for AMn1.5M0.5O4 samples

Mode Intensity Calc. [33] Obs. [33] Obs. [37] Experimental results

Mn Ga Co Ni Zn-d

T2g(1) vw 354 365 370 368 366 380 411 405
Eg w 434 432 435 421 424 (vw)
T2g(2) m 455 480 482 486 488 481.5 498+ 505 496 (split?)
T2g(3) vs 597 590 580 588 593 572 triplet triplet
A1g vs 598 625 625 627 639 635 642 642
ese
r
ese

rage

f

ng
re
plex

the
s

or Cu shows that the dominant effect is that of mangan
valence. However, the scattering ina values obtained fo
v(Mn) = 3.67 (see Table 5) shows that the mangan
valence alone is not sufficient to determinea and d(16d–
O). In fact, the best correlation is obtained using the ave
ionic radius on the 16d site r〈16d〉, as shown in Fig. 6. This
could be expected, sincer〈16d〉 includes the contributions o

r(M) (for 25%) and ofr(Mn), which in turn depends on
v(Mn). This correlation confirms a previous report includi
M = Al, Co and Ti only [43]. The highest deviations a
observed for the Zn samples, which have a more com
cation distribution.

This figure also confirms the charge distribution in
cobalt case: low-spin Co3+ is the smallest cation in thi
series and gives the lowesta and d(16d–O) values. Much

higher cell parameter and Mn/Co–O distance would have
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Fig. 6. Variation of cell parametera and average octahedral site–oxyg
distance d(16d–O) with average ionic radius of octahedral cation in
LiMn1.5M0.5O4 series.

been expected for a Co2+–Mn4+ distribution, since Co2+,
expected in high-spin configuration, has an octahedral i
radius (0.74 Å) as large as those of Cu2+ or Zn2+ [42].

Turning now the occurrence of cation ordering, Tabl
shows that this effect seems to be related to the presen
large ionic radius substituents, which also correspond to
largest valence difference�v(Mn–M) � 2. However, neithe
Mg-d nor Zn-d obey this trend, in spite of the large s
of the substituent. These doubly-substituted samples d
from their LiMn1.5M0.5O4 counterparts mostly by a lowe
manganese valence (+3.67 instead of+4). This results in
(i) a lower valence difference�v(Mn–M), (ii) a lower size
difference, since a lower v(Mn) induces an increase in M
O bond length. We can thus conclude that cation orderin
this series requires (i) a large size difference, (ii) tetrava
manganese.

The separation of Mn and larger M atoms in distinct s
in space groupP4332 (orP213) allows to place the large
M atoms in bigger 4b sites (with M–O distances in the rang
2.03–2.09 Å, and at the same time to reduce the cell volu
Table 5 shows that all cation-ordered phases have
parameters smaller than theFd3m ones (with the exceptio
of the cobalt phase), in spite of the presence of la
substituents. The net result is thus a significant optimiza
of space occupation. The largest size and valence differ
is observed in the Zn sample, where the octahedral
substituent is actually lithium: this compound follows t
trend outlined here, and yields the largest difference betw
the Mn–O and M–O distances (see Table 5, last line).

Finally, bond valence sum (BVS) have been calcula
for all phases (see Table 5, last three columns). This
tor is relevant for detecting implausible structures or stra
on given atomic sites [44]. Among the unordered pha
the calculated BVS values exhibit significant valence sh
starting from the gallium case, indicating strains in the str

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 indic
that these cations are under considerable compressive
in their crystallographic site. As a consequence, the BVS
culation also gives too small manganese v(BVS). The s
ting of octahedral sites among 12d and 4b sites in theP4332
(or P213) space group allows to considerably relax th
strains, as shown by the values for the Mg and Zn samp
The BVS values are in excellent agreement with expe
valences in the nickel case. For Cu2, the agreement is
fair, probably due to the partial Li/Cu inversion and loc
Jahn–Teller distortion of the Cu2+ ion.

5. Conclusions

The present study addresses the question of cation o
ing in Li–Mn–O spinels with 1/4 substitution on the octahe
dral sites. To overcome the inability of XRD to detect su
ordering when the cations involved have undistinguisha
scattering powers, neutron diffraction was used. This un
biguously showed the occurrence of octahedra site orde
for Ni and Cu substitution, while trivalent substituents (G
Co) or compositions with unsufficient charge difference
tween Mn and the substituting atom do not give rise to o
hedral cation ordering. These results are confirmed by
bration spectroscopy (infrared and Raman), which cle
shows symmetry lowering in substituted spinels as a fu
tion of substituent.

6. Note added in proof

At the time of submitting this manuscript, we becam
aware of another structural study of the Li–Mn–Ni–
system [45]. Their results from neutron diffraction and FT
spectroscopy for composition Mn1.5Ni0.5O4 fully agree with
the data presented here, (including also the presence of
impurity in the sample obtained).
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