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XRD measurements proved the coexistence of spinel, lithium-
rich spinel, and rock-salt phases in the Li-Mn—-O system. An
investigation of the electrical properties, carried out on polycrys-
talline samples, shows that Li,MnO; has insulating behavior
while the spinel phases provide an example of hopping conduction
mechanism. The negative Seebeck coefficient suggests that elec-
trons constitute the charge carriers and their number is consis-
tent with the fraction of Mn** over the total number of Mn** and
Mn** sites in the spinel structure. The static magnetic suscepti-
bility results agree with the presence of the Mn** ions in high spin
conﬁguration. © 1997 Academic Press

1. INTRODUCTION

The compounds of the Li-Mn—O system are studied for
both theoretical and practical interest. The spinel LiMn, O,
and related phases possess peculiar applications in the fields
of electrochemistry (1-4) and catalysis (5-7).

Starting from the reactive system MnO/Li,COj, the
formation of LiMn, O, (stoichiometric lithium cationic frac-
tion x = 0.33) was recently studied and evidence was found
of both stoichiometric and nonstoichiometric (Li-rich)
spinel phases in x > 0.35 samples (8, 9). Recent data are now
available on composition-related defects involving Li* ions
from both structural-calorimetric (10) and structural-spec-
troscopic (11) studies.

In the spinel phase, Mn** and Mn*" ions are present and
deviations from stoichiometry were detected, with the re-
sulting composition Li[Li,Mn,_,]O,. In the stoichiomet-
ric spinel (y = 0) a cubic—tetragonal transition occurs at
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about 280K (10) and was attributed to cooperative
Jahn-Teller distortion around the Mn® " cation sites. More-
over, very low deviations from the exact stoichiometry
(0 < y < 0.04) remarkably lower both the temperature and
the enthalpy of the transition. As it can be inferred, struc-
tural analysis, magnetic susceptibility, mass magnetization,
and transport measurements can be powerful tools to show
how a lithium excess gives rise to Li substitution for Mn in
the spinel cationic site, with an increase in Mn** (and
decrease in Mn3*) ion fraction in the same lattice site. For
higher lithium excess, a further cubic spinel phase, with
a significantly different lattice parameter, was considered
(8,9), where Li substitution for Mn in the octahedral (16d)
site W as assumed.

The aim of the present work was to investigate structural,
transport, and magnetic properties of these lithium/manga-
nese compounds and to relate them to the bulk composition
and to the coexistence of two distinct valence states of Mn
cations, whose fractions could be tuned by changing the
lithium content.

The knowledge of such relationships should be extremely
useful in the stage of selection and preparation of electrode
materials.

2. EXPERIMENTAL
2.1. Materials and Sample Preparation

The samples were prepared by the reactive system Alfa
(99.9%) MnO/Carlo Erba (R.P.) Li,CO; from a starting
mixture with a lithium cationic fraction, x, ranging between
0.33 and 0.53. Each mixture was fired in air for 8 h at 1073 K
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and for 8 h at 1173 K. Both heating and cooling rates were
5K/min. Pure Li,MnO; was obtained from a x = 0.667
reactive mixture subjected to the thermal treatment just
described.

Powder samples for electrochemical characterization
were pressed in to the forms of disks and bars, and then they
were sintered for 12h at 1173 K in air.

2.2. Apparatus and Procedures

Diffraction data were obtained by a Philips PW1710
powder diffractometer equipped with a Philips PW1050
vertical goniometer. CuKo radiation (Ko; = 1.54056 A;
Ko, = 1.5443 10\) was used by means of a graphite mono-
chromator. Patterns were collected in the angular range
15° < 20 < 130° in step scan mode.

The Rietveld refinement procedure (12) performed with
the programs WYRIET version 3.5 (13) and DBWS3.2S (14)
was used to obtain the abundance and stoichiometry of the
phases (8,9, 15). A more accurate peak profile refinement
was performed by using the LS1 program (16), taking into
account microstructural (crystallite size and microstrain)
parameters, using an annealed sample of BaF, as a suitable
standard for the determination of the instrumental line
broadening parameters.

Four-electrode dc resistivity measurements were per-
formed by using a Solartron 1286 galvanostat/electrometer
apparatus. To evaluate the microstructural contribution to
the resistivity of the samples, the impedance spectroscopy
technique was applied and a Solartron 1255 or 1260 fre-
quency response analyzer (FRA) was used in the frequency
range 1073 to 107 Hz, with a homemade high-impedance
adaptor (10'2Q, 3pF) (17). A Leybold ROK 10 cryostat was
used for low-temperature electrical measurements. The ther-
moelectric power («) and oxygen transport number (t;)
measurements were performed by means of the electro-
chemical cell described elsewhere (18). The electromotive
force at the two opposite electrodes was measured as a func-
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tion of the increasing thermal gradient (for the o data) and of
the oxygen partial pressure difference (for the ¢; data).

Static magnetic susceptibility measurements were carried
out from 300 to 77K at a magnetic field of 200 mT by using
a Faraday balance susceptometer with a sensitivity of 0.1 pg
and a continuous-flow cryogenic apparatus. For sample
masses of a few 10~ 2g, the resulting sensitivity is about
10~ 7cm?®/g. The error on the absolute mass susceptibility
data, derived from the accuracy in the magnetic-field gradi-
ent value, is estimated to be less than 10%. The magnetic-
field dependence of the magnetization was also monitored
at different temperatures by changing the field intensity
between 50 and 450 mT.

3. RESULTS
3.1. XRD Results

The XRD patterns of the LiMn,O, (x =0.33) and
Li,MnOj; (x = 0.67) samples display the expected lines. The
synthesis of spinel with intermediate compositions gives rise
to samples which show a Li-rich spinel phase, in addition to
LiMn,O, and Li,MnOj; (8-10). Thus three phases were
included in the structural model for the Rietveld profile
refinement with the objective of determining the abundance
and composition of the phases. The results are summarized
in Table 1. The final comparison between experimental and
calculated patterns for the x = 0.40 sample is reported in
Fig. 1. For samples with x > 0.44 rather large values of the
discrepancy factors were obtained in the conventional Riet-
veld profile analysis (9), due to the anisotropy of the
microstructural parameters. To obtain more reliable profile
refinement fit, in the present work we take into account
suitable microstructural variable parameters in the LS1
program. For the spinel phase the crystallite size
components My = M,, = M33 and M, = M3 = M,;
and the microstrain components &y; = &,, = ¢33 and

TABLE 1
Stoichiometry and Percentages of the Phases
X 0.33 0.35 0.36 0.38 0.40 0.44 0.53 0.67
Stoichiom. spinel Li, yMn, ,,O,
LiMn,O,
% 100 99.5 49 41 40 47 25 0
Li-rich spinel
Li,, Mn,_O,
y 0.17 0.12 0.19 0.27 0.22
Y 0 0 49 52 52 31 20 0
Rock salt
Li,MnO,
Y% 0 0.5 2 7 8 22 55 100
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FIG.1. Comparison between observed (dots) and calculated (solid line) X-ray profile after refinement for the x = 0.40 sample. In the lower part the

difference is plotted: the bars (from the top) represent the reflection positions of stoichiometric LiMn,O, spinel, Li-rich spinel, and Li,MnO, coexisting

phases.

&1, = €13 = &3 were used, while for the rock-salt phase the
independent components were M, M,,,M33; and M,
(My3=M33=0) and &y, &3, &3 and &, (63 =
&,3 = 0). The pertinent refinement results are summarized in
Table 2. The marked anisotropic behavior of both samples,
consistent with the wide range of variation of the micro-
structural parameters, can explain the more satisfactory
agreement between the experimental FWHM values (Fig. 2,
closed circles) and the values calculated with the LS1 pro-
gram (open lozenges), in comparison with the values cal-
culated by the conventional Rietveld profile analysis, i.e.,
without consideration of any microstructural influence
(solid line).

3.2. Conductivity Results

The results of the conductivity measurements are sum-
marized in the Arrhenius plot and in the complex imped-
ance plot of Fig. 3, while the isothermal conductivity plots,
as a function of Li content, are shown in Fig. 4. In Fig. 3a
the comparison between the present data (continuous line)
and the literature data (closed circles) (21) is also shown for
the x = 0.33 sample.

As observed in these figures, the conductivity is practic-
ally independent of the composition in the range 0.33 <
x < 0.40, while for x > 0.40 it decreases assuming a differ-
ent thermal behavior. The pure monoclinic compound

TABLE 2
Crystallite Size and Microstrain Parameters

Sample Crystallite size (A) Microstrain (Ad/d)

Mll MZZ M33 M12 811 S22 S33 812 B
Spinel 6.3 x10? 6.3x 102 6.3 x 10% 1.0x 103 1.3x10°3 1.3x1073 1.3x1073 1.0x10°°
Rock-salt 3.3x 102 7.0 x 102 1.2x103 ~0 1.0x107° 9.5x 107 % 50x 1074 1.0x10°°
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FIG.2. FWHM dependence on the diffraction angle of (a) x = 0.667
Li,MnO, peaks (®) and (b) x = 0.33 LiMn,O, peaks (®) compared with
the FWHM from Rietveld refinement (solid line) and the FWHM obtained
taking into account microstructural effects (). In (b) the FWHM of the
BaF, standard peaks (O) with a parabolic interpolation (dashed line) is also
reported.

(x =0.67) can be considered substantially an insulating
phase. An activation energy value of 0.40eV can be deter-
mined for the conduction process in the samples with
0.33 < x < 0.40 in the 100-1000K range.

Impedance spectroscopy measurements, showing a single
half circle covering the entire frequency range (Fig. 3b) for
the x = 0.33 sample, indicate that the resistivity values ob-
tained by the four-probe dc technique must be attributed to
bulk properties, so excluding grain-boundary contribution.
The frequency-independent impedance data in the low-fre-
quency range, as a consequence of the absence of relaxation
phenomena attributed to electrode reaction, including

T T T T 1 T
~ 6f 1o Mhz b
k= :
Wo4r -
= 2k KO
Nl 3
20 MHz ' 1 HZ\\
0 2 4 6 8 10 12
7' (Q x10%)

T T T { T T

1 2 3 4 5 6
10%/T (K

FIG.3. (a) Arrhenius plot deduced from conductivity measurements
on different composition samples (solid lines) are compared with literature
data (@) (21). (b) Impedance plot of LiMn,O, at room temperature.

oxygen and lithium ions, reproduce a quite common feature
of electronically conducting materials. Indeed, the ionic
transport number measurements, performed at room tem-
perature with an oxygen partial pressure gradient, give
a null value of the oxygen contribution to the total conduc-
tion.

The spinel conductivity data reported in Fig. 5a show
a sensible variation between 283 and 287K and similar
behavior is observable from the magnetic susceptibility
measurements as shown in Fig. 5b.

The thermopower data are reported in Fig. 6 for the
conducting samples with x = 0.33, x = 0.38, and x = 0.40
and are compared with the values obtained by Schutte
et al. (21) for a stoichiometric spinel sample. The Seebeck
coefficient « is negative and nearly independent of the com-
position and of the temperature in the wide 290-1073 K
range.
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FIG. 4. Isothermal composition dependence of conductivity. The

dashed lines are a guide for the eye.

3.3. Static Magnetic Susceptibility Results

The mass susceptibility (y,,) data in the range 77-300 K
show 1/y,(T) behavior substantially linear with negative
intercepts (Fig. 7). In fact, the data are well fitted by the
Curie—Weiss law

1w = (T —0)/Ch,

where C,, is the Curie constant and 6 is the Weiss constant.
The magnetic moment per Mn ion is related to the experi-
mental data by the relation

mezxp = 3kaM/(nNA)’

where k is the Boltmann constant, N, is Avogadro’s num-
ber, M is the molecular weight, and n is the number of Mn
ions per unit formula. The me,,, in pp (Bohr magneton)
units, and 6 values deduced from the experimental data are
reported in Table 3.

4. DISCUSSION

The negative Seebeck coefficients indicate that the charge
carriers are electrons. The «(T') behavior and the low ac-
tivation energy (0.4 eV) suggest that the transport process is
likely due to a thermally activated hopping mechanism. In
this case the thermopower may be written as (22)

a=k<ln1_cﬁ+&>. [1]
e c k
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FIG.5. Temperature dependence close to room temperature in nearly
stoichiometric samples. (a) Conductivity data. (b) y_ ! data.

In [1] e is the electron charge, ¢ is the ratio n./N, n. and
N being the number of sites with one conduction electron
and of available hopping sites, respectively, and f is a degen-
eracy factor of the electronic carriers. The vibrational
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FIG. 6. Temperature dependence of the Seebeck coefficient for the
x =0.33, x = 0.38, and x = 0.40 samples. The low-temperature data (O)
from Ref. (21) for a spinel sample are given.
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FIG.7. Temperature dependence of the reciprocal magnetic mass sus-
ceptibility (1) for x = 0.33 (O), 0.36 (V/), 0.40 (), 0.44 (A), 0.53 (), and
0.67 (@) samples.

entropy St associated with the ions surrounding a given site
was previously considered negligible (23,24). We obtained
a mean value o =~ — 30 uV/K as shown in Fig. 6.

The o value we observed is rather small with respect to
that already reported (21) ( — 158 uV/K), but is consistent
with our composition data if we assume that c is the fraction
of Mn?* sites (sources of conduction electrons) with respect
to the total number of Mn** and Mn*" sites of the spinel
phase and that f = 1 consistently with the only available
electronic configuration of high spin Mn** with non-
degenerate e, orbital states. From [1] we deduce ¢ =~ 0.42 in
good agreement with our composition data of Table 1.
From these values we find that the ¢ value ranges between
0.5 and 0.32 for samples with 0.33 < x < 0.40, where the
amount of the Li,MnOj insulating phase is very low. This
also matches the conductivity data. In fact, for a hopping

conductivity
A Ey
g=—exp|l ——|, 2
T p< kT> (2]
TABLE 3
Magnetic Moments and Weiss Constants
x me () M (iy) 0(K)
0.33 4.30 442 —251
0.36 435 4.29 —220
0.40 4.07 4.23 — 146
0.44 4.09 417 — 156
0.53 4.05 4.07 —119
0.67 391 3.87 —34

where Ey is the activation energy connected with the hop-
ping mobility (22) and

_ NPc(l —c)e?a’v,

A
k

(3]

Here v, represents the phonon frequency, a the lattice para-
meter, and P a probability factor for the electron transfer.
For 0.33 < x <040, the ¢(1 — ¢) values range between 0.25
and 0.22 and the conductivity also exhibits nearly identical
values. In contrast, for higher lithium content ¢ decreases,
owing to the increase of the insulating Li,MnQOj; phase
amount.

Moreover, our compositional model is also consistent
with the magnetic results if we suppose that the Mn** ions
are in high spin (S = 2) configuration. Really, the calculated
magnetic moments (1, ) per Mn ion, as deduced from the
sample compositions and assuming m.,;. = 4.90 and 3.87 ug
for Mn** and Mn*"*, respectively, well cover the experi-
mental range (see Table 3). The data also agree with a recent
study (7), differently from the data of Schutte et al. calling for
the coexistence of high and low spin Mn** configurations
(21).

Let us now comment on the temperature dependence of
the y,, we observed as a function of the Li content. All the
investigated samples follow a typical Curie—Weiss law of
antiferromagnetic materials. The 0 values reported in Table
3 match those reported in (7) at least for x < 0.40. At larger
x values, the relevant presence of the Li,MnO; phase lowers
our data approaching the 6 value of the pure monoclinic
compound. Nevertheless, deviations from the Curie—Weiss
behavior were observed at lower temperature in the pure
spinel compound (25), suggesting the presence of more com-
plex magnetic properties.

It is interesting to note that the small anomaly in the
linear dependence we observed in the 1/y,, curve around
room temperature (Fig. 5b) follows analogous conductivity
features in the same temperature range (Fig. 5a), corres-
ponding to the presence of a structural transition already
observed (10,26). This transition was attributed to the
Jahn-Teller effect on the octahedral coordination of the
Mn?* ions. The further addition of Li lowers the local
symmetry and a weaker Jahn—Teller effect is expected for
x > 0.33, in agreement with the y,, and ¢ results in the other
investigated samples.

5. CONCLUSIONS

A satisfactory correlation exists between the electrical
properties of these Li—-Mn mixed oxides and the coexisting
phases compositional model we already proposed (9), result-
ing in the hopping conducting spinel and Li-rich phases and
in the insulating Li,MnO3; monoclinic phase. The spinel
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phase is a hopping electronic conductor in which the elec-
tron can move between adjacent Mn sites. The value of the
ratio Mn3*/Mn** =1 in stoichiometric LiMn,O, de-
creases in Li-rich samples as a consequence of the partial Li
substitution in Mn octahedral sites. The activation energy
(Ey) of the hopping process and the conductivity of the
samples remain substantially constant in a quite large com-
position range (0.33 < x < 0.40). For x > 0.40 the conduct-
ivity decreases because of the relevant amount of Li,MnO3
insulating phase increasing with x.

The behavior of the static magnetic susceptibility in the
paramagnetic region is also consistent with the Mn** and
high spin Mn3* ions concentration deduced from the
sample composition, according to the results of a recent
study (7).

The occurrence of Jahn—Teller effects suggests that the
stoichiometric and nearly stoichiometric (y < 0.04) spinel is
a single-phase compound. For higher Li content the spinel
is not properly a single phase but a collection of phases with
different composition and different lattice parameters. How-
ever, to achieve a reliable explanation of the XRD pattern
characteristics, two limiting spinel phases have been con-
sidered, in addition to the diffraction effects pertinent to the
Li,MnOj phase, as discussed in Section 3.1.

For what concerns the evidence of anisotropic micro-
structural features in nearly stoichiometric spinel samples,
a direct influence of the incipient cubic—tetragonal transi-
tion near room temperature may be inferred. A complete
check of such a hypothesis on the basis of a microstructural
study will be the subject of a further work.
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