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The coexistence of LiMn2O4 and Li2MnO3 phases from
MnO/Li2CO3 mixtures with lithium cationic fraction 0.334
x40.53 was studied by X-ray diffraction (XRD) and electron
paramagnetic resonance (EPR) measurements. XRD quantitat-
ive phase analysis was carried out using the Rietveld profile
refinement procedure, while the Li2MnO3 percentage was deter-
mined directly by comparing the EPR intensities with the inten-
sity of the pure Li2MnO3 spectrum. The experimental results
show the presence of an Li-rich spinel phase and allow an
estimation of the lithium excess, since the structural analysis of
pure Li2MnO3 samples evidenced a nearly stoichiometric com-
position (x50.663) with very limited cationic disorder. ( 1997

Academic Press

1. INTRODUCTION

Li—Mn—O compounds have recently received growing
interest in both theoretical and applicative fields since the
LiMn

2
O

4
spinel and related phases possess peculiar proper-

ties suited for applications in the fields of electrochemistry
(1—4) and catalysis (5—7) and in lithium ion selective de-
tectors (8).

In a previous work (9) the formation of LiMn
2
O

4
from

the reactive system MnO/Li
2
CO

3
was studied by X-ray

diffraction (XRD) measurements. The presence of Mn
3
O

4
and Li

2
MnO

3
phases, in addition to the spinel, was evid-

enced in samples with starting lithium cationic fraction
x(0.33 and x'0.35, respectively. Also, for x'0.35,
a nonstoichiometric spinel phase was also observed. XRD
patterns on samples with 0.33(x(0.35 showed the
80
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stoichiometric phase only, whose cubic lattice parameter
had, however, a marked x dependence. The same feature
was observed for x'0.35, suggesting the existence of point
defects involving Li` ions.

In order to assess the spinel stoichiometry, more details
on the structure of the coexisting Li

2
MnO

3
are needed for

the quantitative determination of the phases. It was re-
ported that a significant Li—Mn disorder (about 12%) oc-
curs in Li

2
MnO

3
samples obtained by solid state reaction

(10). Such cationic disorder should be relevant in the cation
layers (Mn

2
Li) whose stacking is ruled by the presence of

a mirror plane parallel to the ac plane, in contrast to the
Li

2
SnO

3
case. The coordination octahedra are distorted

because of the different sizes of Li` and Mn4` ions. Each
oxygen octahedron around the Mn4` ion (four in the unit
cell) shares the edges with 12 neighboring octahedra, three
of which center on other Mn4` ions. The distortion is also
due to the strong repulsion between nearest neighbors
Mn4` ions, minimized by Mn—O—Mn angles larger than 90°
(about 96°, in this case). On the other hand, smaller
O—Mn—O angles (down to 84°) occur for oxygens constitut-
ing edges shared with neighboring MnO

6
octahedra.

To identify distinct lithium and manganese sites in the
spinel-type oxides (LiMn

2
O

4
, Mn

3
O

4
) and rock salt-type

(Li
2
MnO

3
) other methods more sensitive than the XRD are

required. In this direction, the identification of distinct Li
sites in LiMn

2
O

4
and Li

2
MnO

3
has been recently obtained

by 6Li and 7Li nuclear magnetic resonance (NMR) spectro-
scopy (8).

The aim of our work was the assessment of the structures
of coexisting LiMn

2
O

4
and Li

2
MnO

3
phases, taking into
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account the cationic order and lithium overstoichiometry.
In order to quantify the amount of the two phases, allowing
a reliable determination of lithium excess, electron para-
magnetic resonance (EPR) data from samples previously
characterized by XRD were analyzed. The results confirm
the existence of a Li-rich spinel phase and show that in
Li

2
MnO

3
the cationic disorder is indeed more limited than

previously supposed.

2. EXPERIMENTAL DETAILS

2.1. Materials and Sample Preparation

Samples were prepared by the reactive system Alfa
(99.9%) MnO/Carlo Erba (R.P.) Li

2
CO

3
from a starting

mixture with 0.334x40.53. Each mixture was fired 8 h in
air at 800°C and 8 h at 900°C. Both heating and cooling
rates were 5°C/min. Pure Li

2
MnO

3
was obtained from the

reactive mixture with x"0.667 following the thermal treat-
ment just described.

2.2. Apparatus and Procedures

Diffraction data were obtained using a Philips PW1710
powder diffractometer equipped with a Philips PW1050
vertical goniometer (CuKa radiation (Ka

1
"1.54056 A_ ,

Ka
2
"1.5443 A_ ) with a graphite monochromator). Patterns

were collected in the angular range 15°(2h(130° in steps
of 0.02° with 10 s of counting time.

Structural and profile parameters were obtained by the
Rietveld refinement procedure (11) performed with the
WYRIET Version 3.5 (12) and DBWS (13) programs. More
detailed description about Rietveld refinement of multi-
phase system was reported in previous papers (9, 14). The
relative phase amounts were obtained by the procedure of
Hill and Howard (15) and corrected for microabsorption
effects. In order to fit the observed patterns the presence of
the following compounds was considered:

(i) LiMn
2
O

4
—spinel type (x"0.33), space group

Fd3m, a:8.241 A_ : atomic positions, with respect to the
origin at the center, deduced from Ref. (16); 35 Bragg reflec-
tions.

(ii) Li
2
MnO

3
(C2/m): monoclinic, a:4.924 A_ , b:

8.522 A_ , c:5.024 A_ , b:109.4°: atomic positions accord-
ing to (10); 198 Bragg reflections.
The profile coefficients of a Pearson VII function were
refined (12, 13). Structural and profile parameters were de-
termined for pure Li

2
MnO

3
(x"0.667), as well as its

stoichiometry from the occupancy factors. However, when
a low percentage of Li

2
MnO

3
coexisted with the spinel

phase, only the scale factor, lattice constants, and profile
parameters were refined. Owing to the poor scattering
power of Li` ions, it is very difficult to obtain reliable values
of the pertinent occupancy factor or the stoichiometry of the
compound.
EPR measurements were carried out using a Bruker spec-
trometer in the X band (about 9.12 GHz) in the temperature
range 120—300 K. The concentration of EPR centers was
estimated by comparing the signal areas with that of pure
Li

2
MnO

3
and taking particular care as to the reproducibil-

ity of the sample position in the resonant cavity. The shape
and area of the EPR spectra were analyzed by numerical
methods.

3. RESULTS

3.1. XRD Analysis

The investigated samples in the composition range
0.33(x(0.53 were characterized by XRD patterns dom-
inated by the lines expected from the spinel phase (Fig. 1). In
samples with x'0.35 the reflections of the Li

2
MnO

3
phase

become detectable and their intensities increase with x.
During the structural parameter refinement, care was taken
to reach the best agreement between calculated and ob-
served diffraction intensities for the Li

2
MnO

3
phase, espe-

cially when it constituted only a few percent of the sample.
On the basis of the profile analysis, it was also possible to

individuate the presence of an additional diffraction com-
ponent close to the spinel peaks in the x'0.35 samples (9).
As an example, the inset of Fig. 1 shows the different
broadening of the diffraction profiles of the 444 reflection
for x"0.35 and x"0.37 samples. The spinel peaks of the
x"0.37 sample can be fitted using two p-Voigt functions.
The pair of fitting functions was always constituted by
a sharp gaussian function at lower angle and a broad
lorentzian function at a higher angle. The set of sharp
gaussian peaks, corresponding to the larger spinel cell, refers
to the stoichiometric one, while the set of broad lorentzian
peaks represents the diffraction effects of the contracted
nonstoichiometric spinel cell. Such a procedure makes it
possible to distinguish between the two limiting spinel
forms. The presence of a Li-rich spinel phase, in addition to
the stoichiometric phase in the x'0.35 samples, was taken
into account in the successive Rietveld analysis. The
stoichiometry of both phases is directly derived by the
refinement of the occupancy factors, as previously shown in
(9).

Moreover, an indirect suggestion of the presence of non-
stoichiometric spinel phase comes from comparing the
amount of the Li

2
MnO

3
phase resulting from the XRD

analysis with the phase amounts expected in the binary
system LiMn

2
O

4
—Li

2
MnO

3
(Figure 2A). The experimental

values of Li
2
MnO

3
percentage are indeed systematically

lower than the calculated values (continuous line) for
x(0.40. Thus, three phases were included in the structural
model for the Rietveld profile refinement and the results are
summarized in Table 1.

On the other hand, the percentage of Li
2
MnO

3
is remark-

ably higher than the calculated values for x'0.44. We



FIG. 1. X-ray powder patterns showing the appearance of the Li
2
MnO

3
phase (Li

2
MnO

3
peaks are marked by stars) with increasing x value: 0.35,

0.36, 0.37, 0.40, 0.42, and 0.47 (from the bottom). Miller indices of both cubic and monoclinic phases are reported; for the second phase only the indices of
the strongest overlapped reflection are given. The inset shows the different broadenings of 444 diffraction peak observed in 0.35 and 0.37 samples.
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observed a wide variety of peak profile shapes in the
Li

2
MnO

3
pattern. The peak shapes range between sharp

gaussian and broad lorentzian function. The full width at
half maximum (FWHM) of a large number of single peaks
of the monoclinic Li

2
MnO

3
phase are reported in Fig. 3 as

a function of the diffraction angle. The Li
2
MnO

3
data were

compared with the FWHM angular dependence of the
Pearson VII profile width (full line) obtained from the Riet-
veld refinement. We also evaluated the spread of the
FWHM data by comparing with standard FWHM values,
using a well annealed BaF

2
sample as a standard for the

determination of the instrumental line broadening (9, 17).
The measured FWHM values of BaF

2
and the pertinent

parabolic interpolation (dashed curve) are also reported in
Fig. 3 for comparison. It can be deduced that Li

2
MnO

3
crystallite sizes are small and highly dependent on lattice
directions. The spread should be due to the markedly an-
isotropic microstructure parameters (crystallite size and
microstrain). An accurate investigation of such behavior is
outside the aim of this work, but we supposed that this is the
reason why the Rietveld profile fit gives increasingly worse
discrepancy factors by increasing Li

2
MnO

3
percentage. So

the amount of this phase for x'0.44, as well as the total
lithium cationic fraction x
5
, is probably overestimated (see

Table 1).
It can be observed that both the lattice parameter values

and the lithium content of the spinel phases are nearly
independent of composition in the range x'0.36. The only
parameter showing large variation is the phase percentage.
Such behavior is probably due to the sufficiently slow cool-
ing process after the annealing, as described in Section 2.1.

Cases of coexistence of phases with the same structure but
with different cation occupancies are quite frequent in the
literature. For the lithium manganese spinel lattice para-
meter, values in the range 8.190(a/A_ (8.247 were ob-
tained by several authors (4, 5, 16) using different synthesis
conditions. The data in Table 1 show that the two coexisting
spinel phases have different composition (x"0.33 and
x:0.40) and quite different lattice parameter values (about
8.22 A_ and about 8.20 A_ respectively).

For what concerns pure Li
2
MnO

3
, our results evidenced

very limited cationic disorder, according to the formula
[Li

0.5
]
(2#)

[Li
1
]
(4))

[Li
0.489(1)

Mn
0.011(1)

]
(2")

[Mn
1
]
(4')

O
3
.

The compound is nearly stoichiometric with x"0.663(11).
The profile refinement based on a model with substitutional
defect (6% or more, not variable) was performed: an



FIG. 2. (A) Quantitative EPR (d) and XRD (e) Li
2
MnO

3
weight%

determinations compared with the theoretical curve of the x dependence of
the phase in the binary mixture with stoichiometric spinel phase (full line).
The calculated Li

2
MnO

3
weight% in the ternary mixture LiMn

2
O

4
,

Li
1`y

Mn
2~y

O
4
(y"0.21), and Li

2
MnO

3
(see text) is also reported (dashed

line). (B) Difference between theoretical Li
2
MnO

3
percentage, according to

the binary mixture model, and EPR data as a function of x. The solid line is
a guide to the eye.
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increase of the discrepancy factor was observed by increas-
ing the cation substitution. In addition, for variable site
occupancies the initial cationic disorder decreased rapidly,
giving the above formula again.

3.2. EPR Data

The EPR signal of our samples (x50.33) is composed,
at room temperature, of a broad signal with linewidth
*B:300 mT and g-factor g:2 and a sharp line with
*B"21 mT and g"1.994

5
whose intensity increases with

x. At 125 K the broad line disappears, after further broaden-
ing, while the sharp line remains practically unchanged.
Figures 4c and 4d show the EPR spectra of the x"0.35
sample at 293 and 125 K, respectively. We attribute the
broad line to the spinel phase: it constitutes the only com-
ponent of the EPR signal for x"0.33 sample (Fig. 4a and
4b). No change was observed in the EPR signal ascribable
to the Jahn—Teller transition recently reported (18) at 280 K.

On the other hand, the sharp signal is related to the
presence of Li

2
MnO

3
phase. A pure Li

2
MnO

3
sample gives

a very intense EPR signal, symmetric, with g"1.994
5

and
*B variable between 21 mT at 293 K and 25 mT at 125 K,
as shown in Figs. 4e and 4f, respectively. Its shape is loren-
tzian and the area, compared with a standard, corresponds
to a paramagnetic center density as high as 5]1021 g~1

which also corresponds to the concentration of Mn4` ions
in the sample.

The EPR signal of Li
2
MnO

3
is therefore a marker for the

presence of such a phase. In fact, the same sharp signal is
observed in all the x'0.33 samples. Since its shape is the
same in all the samples it is easy to determine the percentage
of the phase from the simple ratio of the intensities, taking
into account the masses of the samples, which may be very
different to keep constant the Q-factor of the resonant
cavity. This method allowed us to reach sensitivity for the
presence of the phase down to 0.01%, at least. That was
particularly useful for samples having composition in the
range 0.33(x40.35, for which diffractometric measure-
ments gave no response to traces of the Li

2
MnO

3
phase.

Moreover, the constant line shape in all the samples con-
firms that the Li

2
MnO

3
phase remains separated and well

distinguishable in the observed composition range. The
quantitative EPR determinations are reported in Table 1
and in Fig. 2A (full circles) together with the XRD results
and compared with the theoretical curves of the x depend-
ence of Li

2
MnO

3
wt% (see 3.1). The EPR results give

systematic lower values with respect to those calculated
from the binary system model and agree with the XRD data
for x40.4.

The trend of the difference between calculated (binary
system) and EPR Li

2
MnO

3
percentage as a function of x

(Fig. 2B) gives evidence of the x dependence of Li-rich spinel
amount. This increases rapidly for 0.33(x(0.40, does not
actually change for 0.40(x(0.60, and finally decreases
for x increasing up to 0.667.

4. DISCUSSION

We now discuss the XRD and EPR results starting from
the EPR signal that we found to be a peculiar marker of
Li

2
MnO

3
phase. The origin of this signal is indeed the

Mn4` ion (d3 with ¸"3 and S"3/2) (19, 20). A 4F ion in
octahedral coordination, although characterized by some
degree of distortion, possesses a singlet orbital !

2
ground

state with spectroscopic factor g"g
%
!8j/*(g

%
and less



Table 1

x
L*

0.35 0.36 0.37 0.385 0.40 0.42 0.44 0.47 0.53 0.67

Stoichiometric spinel
R

B
a 5.22 3.75 3.90 4.18 3.98 4.69 4.85 4.95 4.22

a/A_ 8.2296(1) 8.2282(1) 8.2258(1) 8.2253(1) 8.2223(1) 8.2264(1) 8.2252(1) 8.2275(1) 8.2304(1)
% phase 100.00 49.35 41.23 40.96 40.17 49.36 46.85 35.31 24.55
Formula Li

1.06(2)
Mn

1.94(2)
O

4
LiMn

2
O

4
LiMn

2
O

4
LiMn

2
O

4
LiMn

2
O

4
LiMn

2
O

4
LiMn

2
O

4
LiMn

2
O

4
Li

1.04(5)
Mn

1.96(5)
O

4

Nonstoichiometric spinel

R
B
a 3.59 3.22 3.88 2.66 3.39 2.73 2.72 5.30

a/A_ 8.2111(3) 8.2038(2) 8.2038(3) 8.1990(3) 8.1999(5) 8.2006(4) 8.2014(3) 8.2042(2)
% phase 49.00 55.56 51.96 51.32 33.23 31.19 27.59 19.79
Formula Li

1.17(2)
Mn

1.83(2)
O

4
Li

1.14(2)
Mn

1.86(2)
O

4
Li

1.12(2)
Mn

1.88(2)
O

4
Li

1.19(2)
Mn

1.81(2)
O

4
Li

1.28(3)
Mn

1.72(3)
O

4
Li

1.27(3)
Mn

1.73(3)
O

4
Li

1.27(4)
Mn

1.73(4)
O

4
Li

1.22(5)
Mn

1.78(5)
O

4

Monoclinic Li
2
MnO

3
R

B
a 22.85 15.91 14.41 12.55 10.64 11.36 10.33 10.83 6.89

a/A_ 4.9189(5) 4.9273(2) 4.9238(2) 4.9241(1) 4.9242(1) 4.9228(1) 4.9236(1) 4.9238(1) 4.9245(1)

b/A_ 8.5171(8) 8.5189(4) 8.5181(3) 8.5217(2) 8.5210(2) 8.5196(2) 8.5219(2) 8.5216(2) 8.5215(1)

c/A_ 5.0730(6) 5.0381(3) 5.0283(2) 5.0272(1) 5.0260(1) 5.0253(1) 5.0252(1) 5.0247(1) 5.0244(1)
b/° 109.2403(70) 109.3511(32) 109.3584(21) 109.3375(15) 109.3479(14) 109.3513(14) 109.3503(12) 109.3633(13) 109.3983(8)
% phase 1.65 3.21 7.08 8.51 17.41 21.96 37.10 55.66 100
% phase EPRb 0.51 1.57 2.50 6.44 7.85 14.50 18.50 26.00 42.00 100

Global parameters and factors

R
1
c 12.55 7.52 7.27 8.16 7.58 9.19 9.50 10.20 11.82 13.37

R
81

d 17.88 11.12 10.64 11.91 10.82 12.71 13.36 14.24 16.52 17.67
Se 3.11 2.15 2.07 2.41 2.15 2.54 2.50 2.79 3.13 3.54
x
5
f 0.353 0.369 0.375 0.388 0.406 0.443 0.458 0.512 0.565 0.663

aBragg discrepancy factor (see Ref. (12)).
bLi

2
MnO

3
weight% deduced from EPR data.

cProfile discrepancy factor (see Ref. (12)).
dWeighted profile discrepancy factor (see Ref. (12)).
eGoodness of fit.
fTotal lithium cationic fraction of the sample, calculated from abundance and Li content of each phase.

3
2



FIG. 3. Full width at half maximum dependence of the diffraction angle
for Li

2
MnO

3
(d) and BaF

2
standard (L) peaks, compared with: (full line)

Pearson VII width from the Rietveld refinement; (dashed line) parabolic
interpolation of BaF

2
data.

FIG. 4. EPR signal of the x"0.33 sample (pure LiMn
2
O

4
) at 293 K (a)

and 125 K (b), of the x"0.35 sample at 293 K (c) and 125 K (d), and of the
x"0.667 (pure Li

2
MnO

3
) sample at 293 K (e) and 125 K (f ). In (a) and (c)

the broad EPR signal can be observed.
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than 2 (21). Indeed, the oxygen octahedron around Mn4` is
strongly distorted, as can be evinced from the above struc-
ture data, but no feature due to anisotropy was observed
from the powder signal shape. In fact, if the S"1/2 state is
the lowest in energy, the intensities of transitions involving
the S"3/2 spin state are quenched in a powder spectrum
because of the strong angular dependence of the pertinent
resonances and the signal is symmetric. It is interesting to
note that, although this is not a ‘‘diluted’’ magnetic system,
the observed *B value is small and nearly constant within
the observed temperature range. Each Mn4` ion has only
three Mn4` ions among its nearest neighbors: this makes
the dipolar interactions lower while the superexchange in-
teraction at 90° provides a consistent exchange narrowing
of the signal. This effect is evidenced by the lorentzian
lineshape and proved by the existence of antiferromagnetic
order below 50 K (22).

The features of the broad EPR signal do not make it
possible to discriminate between stoichiometric and non-
stoichiometric spinel. However, on the basis of its calculated
area, this signal can be attributed to Mn4` ions or holes
introduced by the lithium in the spinel phase, since the
relative EPR center density seems to match the percentage
variation with respect to the total Mn content of such an
ion, ranging between 50% and 78% for 0.334x40.40 (9).

The absence of exchange narrowing effects on the EPR
signal in the spinel phase may have different origins. Assum-
ing hole localization on Mn3` ions, the resulting Mn4` ions
should be surrounded by nearly regular oxygen octahedra
as for Mn3`: the superexchange interactions between near-
est neighbor Mn ions would take place only for 90° bond
angles, since the tetrahedral sites are occupied by Li` ions.
However, part of the Mn3` ions may be in low spin config-
uration (23) or replaced by Li`, making a simple prediction
about exchange interactions unreliable. No recent informa-
tion is available about the magnetic transition of the spinel
phase, although magnetic susceptibility measurements (23)
suggest antiferromagnetic behavior for ¹(100 K. More-
over, double exchange phenomena due to electron hopping
should not be excluded in cases of crystallographic equiva-
lence of the Mn4` and Mn3` sites (24).

The EPR results of Li
2
MnO

3
percentage give lower

values with respect to the binary system model, as shown
in Fig. 2. Such a result, pertinent to the whole x range,
represents a further strengthening of the hypothesis of the
presence of a Li-rich spinel phase in addition to the
stoichiometric phase. The saturation of the difference curve
of Fig. 2B allows one to estimate the maximum lithium
excess in the Li-rich spinel phase, i.e. Li

1`y
Mn

2~y
O

4
,

with y"(3x!1)"0.20. This result is indeed very close to
the XRD averaged value y"0.21(6) (see Table 1). The
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experimental data for x'0.40 can be interpreted on the
basis of a model constituted by Li

2
MnO

3
and two spinel

phases in equal amounts but with different compositions:
the stoichiometric and a nonstoichiometric phase with
y:0.21 (dashed line, Fig. 2A).

The present results make it possible to define both the
range of nonstoichiometry of the spinel phase and the pos-
sible role of the anisotropy of Li

2
MnO

3
microstructure

parameters in causing XRD overestimation of its percent-
age. There is evidence that poor reliability of XRD Rietveld
refinement results affects the determination of the effective
occupancy of the lithium sites in the spinel structure. For
most reliable use of quantitative Rietveld analysis of multi-
phase systems, extensive tests are needed over the complete
composition range.
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