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Lithium manganese spinel Li1 1 yMn2 2 yO4 (0.04y40.07)
synthesized by the sol+gel process is studied with a focus on the
e4ects of the changes of formation conditions which can sensibly
determine the mean crystallite size from a few nanometers to
several hundred nanometers. Changes of stoichiometry and
abundance of the spinel phase can be observed in the 5734TA

(K)41073 range of annealing temperature (TA). Comparing
spinel phases obtained by sol+gel and solid state synthesis evid-
ences the correlation among composition, structure, and electric
and magnetic properties. ( 1999 Academic Press

Key Words: LiMn2O4, spinel; Li1 1 yMn2 2 yO4, Li-rich spinel;
LiMn2O4, crystallite size and strain; LiMn2O4, electric proper-
ties; LiMn2O4, magnetic properties.

1. INTRODUCTION

A great deal of work has been done on compounds of the
Li}Mn}O system, because of the peculiar applications of
LiMn

2
O

4
spinel and related phases in the "elds of elec-

trochemistry (1}4) and catalysis (5}7).
Both stoichiometric (lithium cationic fraction x"0.333)

and nonstoichiometric spinel phases in samples with
x'0.333 and x(0.333 (Li-rich and Li-poor samples, re-
spectively) were recently studied. As a result, new structural-
calorimetric (8) and structural-spectroscopic (9, 10) data are
now available on composition-related defects involving Li`
ions. Samples can be obtained from the solid state reactive
system MnO/Li

2
CO

3
(11}13), or from di!erent reactive

systems such as MnO
2
/Li

2
CO

3
(14, 15) and MnO

2
/LiOH

(16, 17) at temperature higher than 1000 K.
correspondence should be addressed.
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An alternative method to synthesize lithium manganese
spinel at lower temperature is represented by the sol}gel
route (1, 18, 19). Starting from aqueous solutions of LiOH
and Mn(II) acetate as precursor, Barboux et al. (1) prepared
LiMn

2
O

4
at temperature as low as 573 K. Following such

very soft conditions, the synthesis would lead to a very small
particle size. A study of physical and chemical properties of
such a phase as a function of the annealing conditions
would be extremely interesting since electrical conductivity
and magnetic susceptibility may be particularly sensitive to
small changes of stoichiometry brought about by modifying
the synthesis conditions.

The "rst aim of the present paper was the study of
structural and microstructural properties of the lithium
manganese spinel phase obtained from sol}gel synthesis
compared with the properties observed in samples obtained
from a solid state process. Conductivity, electron paramag-
netic resonance, and static magnetic susceptibility measure-
ments were also performed since, as observed in previous
works (13, 20, 21), large variations of physical properties can
be foreseen as a function of composition and then of mean
oxidation state of the transition cation. A clear understand-
ing of the relative behavior of this phase would have import-
ance in catalysis and electrochemical applications.

2. EXPERIMENTAL

2.1. Materials and Sample Preparation

A set of samples with lithium cationic fraction x"
Li/(Li#Mn)"0.333 has been synthesized via a sol}gel
process, following the procedure proposed by Barboux et al.
(1). The xerogel precursor was pretreated at 523 K; then it
0022-4596/99 $30.00
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was divided into "ve fractions which were heated for 8 h at
di!erent temperatures, 573, 673, 873, 973, and 1073 K re-
spectively. These sol}gel samples will be referred as SG573,
SG673, SG873, SG973, and SG1073.

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

2
CO

3
, with x"0.333 as previously described (11). In the

following, the sample obtained at 1073 K will be referred to
as SS1073. An Li-rich sample was obtained by adding an
appropriate quantity of Li

2
CO

3
to SS1073 to reach

x"0.37. The mixture was annealed at 723 K: this sample
will be named SS1073R.

Samples for conductivity measurements were prepared by
pressing powder with an uniaxial Weber PW40 press into
the form of bars (2]3]10 mm). They were then sintered for
12 h in air at the same temperature, ¹

A
, used for the anneal-

ing process and slowly cooled (5 K/min) to room temper-
ature (RT). The four electrical contacts were obtained by
using a conductive silver paint.

2.2. Apparatus and Procedures

The instrumentation for X-ray di!ractometry (XRD),
conductivity, static magnetic susceptibility, and electron
paramagnetic resonance (EPR) measurements has been pre-
FIG 1. XRD patterns of the samples synthesized via the sol}gel method an
Mn

2
O

3
are marked with bars and stars, respectively. In the inset some pro
viously described (12, 21). EPR (in the X band at 9.31 GHz)
and static magnetic susceptibility measurements were per-
formed in the temperature ranges 4}500 K and 4}300 K,
respectively.

Structural and microstructural analysis of XRD patterns
(CuKa radiation, Ka

1
"1.54056 As and Ka

2
"1.5443 As )

was carried out following the Rietveld method, according to
the procedure already reported (11, 21). Re"nement of
cationic occupancy factors was not performed because of
the strong in#uence of microstructural parameters on the
broadening and position of the peaks with decreasing ¹

A
.

3. RESULTS

3.1. XRD

XRD patterns of samples obtained from the sol}gel route
display the expected lines of LiMn

2
O

4
phase, as shown in

Fig. 1. The abundance of spinel-type phase is increased by
increasing ¹

A
, while the content of manganese oxides

(Mn
2
O

3
and Mn

5
O

8
), present as impurities, decreases. At

the same time, the spinel peaks narrow and shift toward
lower angles with increasing ¹

A
(inset of Fig. 1). After the

annealing at 1073 K, only the peaks pertinent to the spinel
phase are present. One, two, or three phases were included
in the structural model for the Rietveld pro"le re"nement,
nealed at di!erent temperatures. Positions of the main peaks of Mn
5
O

8
and

"le details are shown.



TABLE 1
Spinel Lattice Parameter, y, Li-enrichment, Phase Percent-

ages, and Discrepancy Factors as Obtained from Rietveld Pro-
5le Re5nement

Sample SS1073R SG573 SG673 SG873 SG973 SG1073

R
1

11.96 7.96 8.45 9.08 8.39 9.92
R

81
16.17 10.46 11.04 11.57 10.60 12.76

S 2.02 2.32 2.42 2.53 2.35 2.76

Spinel
a (As ) 8.2020(2) 8.191(2) 8.210(1) 8.2354(4) 8.2409(3) 8.2420(3)
y 0.11 0.07(1) 0.03(1) 0.02(1) 0.02(1) 0.00
% 100.00 91.11 96.44 97.80 98.05 100.00
R

B
4.03 2.44 2.40 3.03 3.03 4.10

Mn
2
O

3
% 0.83 2.20 1.95
R

B
11.32 18.53 23.59

Mn
5
O

8
% 8.89 2.73
R

B
11.01 11.65

FIG. 2. (a) Total impurity phase percentage and (b) lattice parameter
of the spinel phase in samples prepared at di!erent ¹

A
. Full and open

circles represent the data for sol}gel and solid state samples, respectively;
for the SS1073R sample the square is used.
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depending on the impurities found after each thermal treat-
ment. Phase percentages, discrepancy factors (R

1
, R

81
, R

B
,

and goodness of "t S as de"ned in (22)), and spinel lattice
parameters are reported in Table 1. The total amount of
impurity phases evaluated with the Rietveld method rapidly
decreases with increasing ¹

A
(Fig. 2a).

The spinel cubic lattice parameter a vs ¹
A

is reported in
Fig. 2b: a reaches the same value for the SS1073 and for
other solid state samples prepared at ¹

A
'1073 K (11). It

can be observed that the a values for samples sintered at
¹

A
(1073 K are lower than that reported for the stoichio-

metric spinel (a"8.247 As (23, 11)). The same e!ect is also
observed for the a value pertinent to the SS1073 R sample.
This fact can be related to the lithium enrichment of
the spinel phase (11). The Li excess y in the formula
Li

1`y
Mn

2~y
O

4
was deduced on the basis of the overall

cationic fraction x and of the phase abundance for each
sample (see Table 1). The SS1073R sample was taken as an
Li-rich reference sample (y"0.11) without impurity phases
(Table 1).

The rapid decrease of full width at half maximum
(FWHM) of the peaks with increasing ¹

A
(see Fig. 1 and

inset) indicates the increase in the growing rate of the
crystallites during the annealing process. To obtain reliable
microstructural parameters we used the LS1 program (24): it
is based on the Rietveld method and uses Fourier analysis
to take into account the peak broadening due to small
crystallite size and microstrain, when the instrumental de-
pendence of FWHM on 2h is known. LS1 performs re"ne-
ment of structural and microstructural disorder parameters
using crystallite size and root mean square microstrain as
"tting parameters.

For the cubic spinel the constraints for crystallite size
components M

11
"M

22
"M

33
and M

12
"M

13
"M

23
and for microstrain components e

11
"e

22
"e

33
and

e
12
"e

13
"e

23
were used according to symmetry consider-

ations (25). In Fig. 3 the trend of microstructural parameters
obtained from sol}gel samples is compared with that of
samples prepared from solid state reaction at ¹

A
51073 K

(25). Larger M
ii
and M

ij
values are obtained from solid state



FIG. 3. Trends of (a) M
ij

(squares) and M
ii

(circles) and (b) e
ij

(squares)
and e

ii
(circles) as a function of ¹

A
. Full and open symbols refer to sol}gel

and solid state samples, respectively.

FIG. 4. Conductivity data of (a) SS1073, (b) SG573, (c) SG673, (d)
SG873, (e) SG973, and (f ) SG1073 samples. In the inset the behavior of 1/s

.
of SS1073 and SG1073 is reported approximately in the same range of
temperature.
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synthesis at the same ¹
A

(1073 K), and a faster growing rate
of crystallites achieved by increasing ¹

A
can be inferred

(Fig. 3a). Figure 3b shows the rapid decrease of e
ii

values
with increasing ¹

A
, reaching at ¹

A
"1073 K approxim-

ately the same value observed in samples obtained from
solid state reaction. No di!erence can be observed by com-
paring e

ij
values.

Size and strain e!ects become quite evident in the
FWHM values of the di!erent hkl plane families and may be
evaluated for di!erent directions of the crystallites accord-
ing to Lutterotti and Scardi (24). On this basis we can
estimate the mean crystallite size and microstrain vs ¹
A

for
di!erent crystallographic families of planes. The slowest
increase of crystallite size with the temperature is observed
in the h00 direction, where the thermal-induced decrease of
microstrain is more evident.

3.2. Conductivity

The results of the conductivity measurements are sum-
marized in Fig. 4. The SG1073 sample, showing a transition
temperature around 275 K related to the Jahn}Teller dis-
tortion of (Mn3`O

6
) octahedra (21, 26, 27), approaches the

behavior of the SS1073 sample (lines f and a, respectively, in
Fig. 4) (21) and, consequently, can be considered stoichio-
metric. Activation energy of 0.40 eV at ¹'290 K is de-
duced for SG1073, as observed in SS1073 (21).

Di!erent behavior is given by sol}gel samples annealed
at ¹

A
(1073 K; they show no transition, at least at

¹5250 K, but only a small variation of the slope.
Higher conductivity values observed at ¹5290 K in

samples treated at higher ¹
A

(Fig. 4) are consistent with the
lower content of insulating spurious phases.

3.3. EPR

At room temperature, the analyzed sol}gel samples show
a broad EPR signal with g-factor g42 and with linewidth
*B:0.215 T for SG573 and *B:0.330 T for the samples
prepared at higher ¹

A
. The solid state samples show similar



FIG. 5. (a) *B and (b) RF as a function of ¹ for the EPR signal of
SG573 (L), SG673, (.), SG873 (K), SG973 (m), SG1073, (r), SS1073, (d),
and SS1073R (j) samples. The lines are included to guide to the eye. The
error in *B is about $0.012T for *B:0.2 T and about $0.025T for
*B:0.38T. The mean error in RF is $0.005 T.

FIG. 6. The s
.

and 1/s
.

curves vs ¹ of the SG573 (circles) and
SS1073R (squares) samples.
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EPR signals at g42 with *B:0.330 T for SS1073 and
*B:0.250 T for SS1073R.

Figures 5a and 5b show *B and resonant "eld (RF)
values, respectively, at di!erent ¹. A progressive increase of
*B with decreasing ¹ is typical of sol}gel samples prepared
with ¹

A
'800 K and of the SS1073 sample. An analogous

trend may be observed in SG673, but with smaller *B
values. For SG573, *B is nearly independent of temper-
ature, similarly to what was observed in SS1073R, and
abruptly increases in the lower temperature range. The EPR
lineshape of SG573 and SS1073R is nearly Lorentzian,
while the other samples show an increasing Gaussian char-
acter with increasing ¹

A
.

3.4. Static Magnetic Susceptibility

The magnetic behavior of SG1073 is consistent with that
of the stoichiometric spinel phase observed in samples pro-
duced from solid state reaction like the SS1073, reported
and discussed in (20). A slight slope variation is observed in
the temperature region of the conductivity anomaly near
RT, related to the Jahn}Teller transition (see inset in Fig. 4).

Slightly di!erent features are observed in sol}gel samples
prepared at lower ¹

A
. In Fig. 6 mass susceptibility (s

.
) and

1/s
.

data of the SG573 sample in the range 4}300 K are
shown and compared with the data of the SS1073R sample.
At high temperature the 1/s

.
vs ¹ behavior is nearly linear,

with negative intercepts, following the Curie}Weiss law

1

s
.

"

¹!h
C

.

, [1]

where C
.

is the Curie constant and h is the Weiss constant.

4. DISCUSSION

A strong dependence of a on the annealing temperature
has been shown in Fig. 2b. The unusually low a value in
samples annealed at temperature as low as 573 and 673 K
may be related to the presence of Li-rich spinel phase,
according to the variation of the cell parameter as a function



2The magnetic susceptibility data by Schutte et al. (30) and our results
are in good agreement.

1

s
:120

mol

cm3
at ¹"300 K, and 0"(!338$60) K

(Schutte et al. (30))

1

s
:22,000

g

cm3
:120

mol

cm3
at ¹"300 K, and 0"!320 K

(our data (13, 20))

For LiMn
2
O

4
, in the spin only (g"2) approximation,

s
.0-

"

N
A

2

k2
B

g2

3k
B
(¹!0 )

[S
1
(S

1
#1)#S

2
(S

2
#1)],

where subscripts 1 and 2 refer to Mn4` and Mn3` ions, respectively, so
that m2 of a formula unit results in

k2
B

g2[S
1
(S

1
#1)#S

2
(S

2
#1)]:40 k2

B
. [a]

As for Mn4` (d3, S
1
"3/2),

k2
B

g2S
1
(S

1
#1)"15 k2

B
, [b]

from [a] and [b] the spin value of the Mn3` ions results in S
2
:2.05; i.e.

a high-spin con"guration for Mn3` can be deduced. The e!ective number
of k

B
per unit formula is J40"6.32 according to Schutte et al. (30), but

this value does not mean that 6.3 unpaired electrons are present in a unit
formula and that, consequently, some Mn3` ions in the sample are in the
low-spin con"guration.
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of the stoichiometry deviation y in Li
1`y

Mn
2~y

O
4

(12). The
presence of lithium excess in the spinel phase also agrees
with the observation of nonlithiated manganese oxides in
the samples annealed at low temperature (Fig. 2a). The
calculated values of y, reported in Table 1, may support
a two-step mechanism for the formation of stoichiometric
spinel in sol}gel samples:

(I) Formation of Li-rich spinel and manganese oxides
(with various manganese oxidation states);

(II) Solid state reaction among these intermediate com-
ponents to give the stoichiometric LiMn

2
O

4
with increasing

¹
A
.

The "rst evidence which agrees with this model is the lack
in samples prepared at ¹

A
(1073 K of the abrupt variation

of conductivity near RT attributed to the cooperative
Jahn}Teller e!ect. As already shown, the Jahn}Teller struc-
tural transition is only observed in stoichiometric or quasi-
stoichiometric samples with small Li-de"ciency (8, 26). So,
conductivity measurements evidence very small stoichio-
metry deviations from the stoichiometric composition (com-
pare SG973 (y"0.02) and SG1073 (y"0.0) samples in
Fig. 4) that EPR measurements cannot directly reveal.

Nevertheless, EPR measurements are useful to character-
ize the progressive Li-enrichment in the samples obtained
from synthesis at lower temperature. In fact, smaller *B
values (Fig. 5a) are expected from sol}gel samples with
larger Li-enrichment, similar to what was observed for the
samples SS1073R and SS1073 prepared by solid state reac-
tion. Besides, exchange narrowing, resulting from coupling
of identical ions (28), is suggested by the narrower EPR
signal and the nearly Lorentzian lineshape of the SS1073R
and SG573 samples. This is consistent with the larger
amount of Mn4` ions responsible for the EPR signal of the
spinel phase (12), resulting from Li-enrichment.

Further con"rmation of the Li-enrichment of the spinel
phase of SG573 may be derived by susceptibility measure-
ments. The SG573 sample shows an experimental e!ective
magnetic moment m

%91
"4.37 k

B
. This value, inserted in the

relation

m2
41*/%-

"

m2
%91

!sm2
M/5O8

1!s
, [2]

where s is the Mn
5
O

8
fraction and m

M/5O8
"4.80 k

B
(from

the compositional model Mn2`
2

Mn4`
3

O
8

(29)), gives rise to
m

41*/%-
"4.32 k

B
. This value (pertaining to the only spinel

phase) agrees with the m
41*/%-

value calculated by the relation
(13)

m2
41*/%-

"

1

2!y
[(1!3y)m2

M/3`#(1#2y)m2
M/4`], [3]

for y"0.07, as obtained by XRD (Table 1).
In [3] we assumed m2
M/3`"24 k2

B
, based on the hypothe-

sis of high-spin (S"2) Mn3` con"guration (21). This is also
in agreement with a recent study (7), di!erent from that of
Schutte et al. (30),2 calling for the coexistence of high- and
low-spin Mn3` con"gurations. For the pure Li-rich
SS1073R, the estimated enrichment matches well the value
y"0.11, as obtained from XRD data.

The particle size of the Li-rich phase should be rather
small in the SG573 sample*about 20 nm from the M

ii
and

M
ij

values (Fig. 3a)*and progressively larger with increas-
ing ¹

A
, as expected. The formation of stoichiometric and

pure LiMn
2
O

4
by the sol}gel method, completed at about

1073 K, is consistent with the small initial crystallite size of
the early-enriched phase ("rst step of formation).

At ¹
A
(1073 K, the formation of spurious phases (man-

ganese oxides) is consistent with the Li-enriched spinel
phase (Table 1). These spurious phases can be related to the
variations of RF vs ¹ (Fig. 5b) in the EPR measurements.
We already veri"ed the shift of RF toward higher magnetic
"elds in samples containing even very small amounts of
Mn

3
O

4
(20). For SG573 the opposite trend at low temper-

ature could be related to the large presence of Mn
5
O

8
. The

comparison between the s
.

curves of SG573 and SS1073R
can give indication of the possible magnetic behavior of



FIG. 7. Magnetic behavior of the Mn
5
O

8
phase as deduced by subtrac-

tion between SG573 and SS1073R s
.

curves. The inset shows extrapolated
mass magnetization curves vs temperature of SG573 (circles) and SS1073R
(squares) samples.
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the Mn
5
O

8
phase. The di!erence between the s

.
data of

SS1073R and SG573 samples, taking into account the phase
percentage in SG573, suggests a ferrimagnetic-like behavior
of Mn

5
O

8
at ¹(30 K (see Fig. 7), consistent with the RF

shift of the EPR signal at low temperatures (see Fig. 5b).

5. CONCLUSIONS

XRD and conductivity results demonstrated that the
sol}gel synthesis is suitable to obtain pure stoichiometric
sample at 1073 K: this evidence is possibly related to the
small initial crystallite size with respect to the solid state
reaction. On the basis of this observation, a two-step mecha-
nism can be proposed: small crystallite dimensions of Li-
rich spinel phase and manganese oxides are formed at low
temperature and successively react to form stoichiometric
LiMn

2
O

4
with increasing ¹

A
. The evolution of the EPR,

susceptibility, and conductivity data with changing ¹
A

gives
indication of e!ects of impurity phases and lithium enrich-
ment of the spinel phase (Li

1`y
Mn

2~y
O

4
).
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