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Polycrystalline, glassy and thin films of LiMn,0,
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The influence of sintering temperature on the formation, phase purity, and electrical conductivity of LiMn;O, has been inves-
tigated by means of X-ray diffraction and ac impedance analysis. Higher sintering temperatures lead to increased unit cell con-
stants, more perfect lattices and a higher bulk electrical conductivity. Samples sintered at lower temperatures exhibit higher chem-
ical diffusion coefficients for lithium. Attempts to prepare glassy LiMn,0,~B,0, have been made. The conduction behaviour of
the glass during the crystallization process has been studied. Polycrystalline thin films of LiMn,O, have been prepared using
electron beam evaporation. The temperature dependence of the electrical conductivity of the thin film did not differ substantially
from that of bulk material, while the chemical diffusion coefficient for lithium is four orders of magnitude lower than that of

samples sintered at 1100°C.

1. Introduction

Remarkable progress has been achieved in recent
years in developing rechargeable Li/manganese ox-
ides batteries. Among the lithium containing man-
ganese oxides the spinel type compound Li, . Mn,O,
has attracted widespread attention [1,2]. In the
structure the Mn,0O, framework remains intact dur-
ing lithium insertion and extraction over the range
—1<x<1 [3-6). Lithium insertion into the lattice
reduces the crystal symmetry from cubic for Li-
Mn,0, to tetragonal for Li, , . Mn,0, (0.1 <x<1.0)
due to the Jahn-Teller distortion caused by the in-
creased Mn** concentration [3,6]. As a result a two-
phase region with open circuit voltage 2.9 V exists
over a wide range of compositions [7].

Recently, both Sony [8,9] and Moli Energy [10]
have announced to produce rechargeable lithium
batteries based on a lithium containing manganese
oxide. The combination of high energy density (125
Wh/Kg) and power density (discharge rates C/2.5
h) with good cycle life (1000 cycles) marks a break-
through in rechargeable lithium battery technology.

The cathode material used in such a battery is heat
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treated LiOH'MnO,, which is a composite contain-
ing lithium and manganese oxide [11]. With in-
creasing temperature the spinel phase LiMn,Q, will
be formed. A more recent paper has claimed that
LiMn,0, is not suitable for lithium rechargeable ap-
plications, because almost one half of the initial ca-
pacity of the battery will be lost at the second dis-
charge [12].

The behaviour of the lithium containing man-
ganese oxide cathodes is rather complicated, and it
is necessary to obtain more insight into the relations
between synthesis, structure, microstructure, defect
structure and properties. In the first part of the pres-
ent paper the effect of sintering temperature on the
formation, phase purity, and electrical conductivity
of LiMn,O,, as well as the chemical diffusion coef-
ficient for lithium will be reported.

One effective way to improve the rechargeability
of a cathode is to vary the metal-oxygen bond lengths
in the structure through the use of network former
B,O; or P,Os [13]. In the second part of the present
paper the results for the first attempt to prepare glassy
materials in the system LiMn,0,'B,O; will be
presented.

Foliowing the miniaturization of electronic de-
vices, solid state microbatteries are receiving in-
creased attention. Two-dimensional cathodes like
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LiMn,0, are particularly important for the thin film
batteries. The last part is devoted to the preparation
and characterization of thin film of LiMn,0,, which
might be used as a cathode in lithium microbatteries.

2. Influences of sintering temperature

The LiMn,0, samples were prepared by solid state
reaction. High purity manganese dioxide and lith-
ium carbonate with stoichiometric composition were
thoroughly ground and calcined in air in an alumina
crucible for 10 h at 450°C, 700°C, 900°C and
1100°C, respectively. Subsequent grinding and sin-
tering were carried out. The samples were charac-
terized by X-ray diffraction using a Siemens D500-
B Goniometer with Cu Ka radiation.

It can be seen from X-ray diffraction patterns
shown in fig. 1 that the major phase in all the sam-
ples is the cubic spinel LiMn,0,. The sample sin-
tered at 450°C contains Mn,O; and Li,MnQO,. With
increasing sintering temperature the amount of the
impurity phases decreased. In the samples sintered

at 700°C and beyond only LiMn,O, is observed. By
careful comparison of the X-ray diffraction line
(440) of LiMn,0O, for various samples as shown in
fig. 2 two important differences can be noted:

Firstly, the diffraction lines shift towards lower 26
values with increase of sintering temperature. Con-
sequently the unit cell is enlarged. A neutron dif-
fraction study has already confirmed an increase from
8.159 A for a sample sintered at 500°C to 8.196 A
for a sample sintered at 600°C [14]. Secondly, the
diffraction line narrows with increasing sintering
temperature. Thus at higher temperature it seems that
a more perfect cubic spinel phase can be obtained.
More recently, similar results have been reported by
Mackline et al. [13].

In order to know the effect of sintering tempera-
ture on the transport properties, the electrical con-
ductivities of LiMn,O, have been measured by ac
impedance method using a Solartron 1256 frequency
response analyzer over the frequency range 0.1 Hz to
3.5 MHz. The pellets for ac impedance measurement
were pressed under a pressure of 1.85 t/cm?, and sin-
tered in air for 16 h at 1100 and 1200°C, respec-

Intensity (a.u.)

53

60 67 74 81 88

26 (degrees)

Fig. 1. X-ray diffraction patterns of lithium containing manganese oxides sintered at various temperatures: (a) 450°C, (b) 700°C, (c)

900°C, (d) 1100°C.



L. Chen, J, Schoonman/Thin films of LiMn;0, 19

Intensity

tively. The two opposite surfaces were covered with
gold as electrodes by dc¢ sputtering using an Edwards
sputter coater S150B.

The impedance spectra are composed of two semi-
circles. The one with higher frequency corresponds
to the bulk response, while the lower frequency arc
is ascribed to grain boundary polarization phenom-
ena. The conductivity of LiMn,O, as a function of
temperature is presented in fig. 3. It can be seen that
the bulk conductivity of the pellet sintered at 1200°C
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Fig. 3. Electric conductivities of bulk and thin film of LiMn,0O,
as a function of temperature.
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Fig. 2. Comparison of (440) reflection for three samples sintered at: (a) 700°C, (b) 900°C, (c) 1100°C.

is higher than that of the sample sintered at 1100°C.
However, the total conductivities of the two samples
differ not too much. The activation energies for bulk
and total conductivity are 0.20 eV and 0.32 eV, re-
spectively. At this point one might speculate that the
samples sintered at higher temperature should have
lower grain boundary conductivity. However, con-
sidering rather larger difference of activation energy
for the grain boundary conduction between the sam-
ple sintered at 1200°C, i.e. 0.44 eV, and the sample
sintered at 1100°C, i.e. 0.61 eV, it is understandable
that samples prepared at higher temperatures still
exhibit a higher boundary conductivity at ambient
temperature.

It can be concluded from X-ray diffraction and ac
impedance study that a higher sintering temperature
results in a more pure, more perfect spinel phase, and
consequently a higher bulk and grain boundary elec-
trical conductivity. These results do not however,
provide any insight into the fact that cathodes sin-
tered at a higher temperature suffer from a large ca-
pacity decline within the first 10 cycles, while the
samples sintered at 450°C possess good reversibility
as reported by Macklin et al. [15]. In order to gain
more insight into this difference, the chemical dif-
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fusion coefficient for lithium in samples sintered at
450°C and 1100°C has been determined by galva-
nostatic intermittent titration technique [16]. The
values are: D=4.9% 102 cm?/s for sample sintered
at 450°C; D=6.0% 10~'% cm?/s for sample sintered
at 1100°C.

The chemical diffusion coefficient in samples sin-
tered at the lower temperature is obviously higher
than that in samples sintered at the higher temper-
ature. This difference may be due to poor crystalli-
zation or even impurity phases at the grain boundary
of the samples sintered at the lower temperature. This
result could explain the difference in reversibility of
LiMn,0, sintered at various temperatures.

3. Glass formation and electrical conductivity

Samples with various compositions in the system
xLiMn,0,~(1 ~x)B,O; have been prepared. Li-
Mn,0,, synthesized at 600°C was mixed with high
purity H;BO, followed by heating in a platinum cru-
cible in air at 350°C for two hours and subsequently

at 1100°C for 15 h. The melt was quenched between
two brass blocks. The products varied from amor-
phous, partially amorphous to crystalline depending
on the composition as shown in fig. 4. For x=0.3
glassy material can be easily obtained. By improving
the heating and quenching conditions glasses with
higher concentration of LiMn,O, might be obtained,
but no attention has yet been payed to this possi-
bility. The glass with composition 0.3LiMn,O4—
0.7B,0; has been investigated in more detail.

The electrical conductivity of the glass was deter-
mined by impedance spectroscopy mentioned above
in the temperature range 25-480°C. The samples for
conductivity measurement were as-quenched disks
without further treatment. The electrodes were silver
or gold. The silver electrodes were painted with sil-
ver paste followed by baking at 300°C for one hour,
while the gold electrodes were prepared by dc
sputtering.

The impedance spectra comprise one semicircle
through the origin, indicating that the conduction is
mainly caused by electronic charge carriers. The
electric conductivity of the glass versus inverse tem-
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Fig. 4. X-ray diffraction patterns for quenched products from melts with different composition in xLiMn,04-(1—x)B;0; system: (a)

x=0.3, (b) x=0.4, (c) x=0.5, (d) x=0.6, (¢) x=0.7.
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Fig. 5. Conductivity enhancement of glassy 0.3LiMn,0,-0.7B,;0,
during the crystallization process.
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Fig. 6. DTA traces of glassy 0.3LiMn;0,~0.7B,0;.

perature is shown in fig. 5. Below 340°C the con-
duction process obeys Arrhenius law, but beyond this
temperature the conductivity plot reveals an upward
curvature and reaches a maximum at 415°C fol-
lowed by a slight decrease until 444°C. Then it in-
creases again from 444°C to 480°C. It seems that
several processes occur above 340°C. DTA results
shown in fig. 6 provide a tool to distinguish these
processes. The data in this figure display a glass tran-
sition and two crystallization processes. The con-
ductivity enhancement at 340°C is related to the glass

transition occurring near 463°C in DTA. The fol-
lowing increase is caused by crystallization appear-
ing at 563°C in DTA. The next sharp increase of
conductivity at 440°C is due to the second crystal-
lization process starting around 607°C in DTA. The
large discrepancy between the temperatures of these
processes as observed in the conductivity measure-
ment and DTA is due to the difference of heating
rate, 12°C/min for DTA against 20°C/h for con-
ductivity measurement. After the first run up to
480°C the sample was cooled down to room tem-
perature, and subsequently the conductivity was
measured as a function of temperature several times,
By comparing the results obtained in the first and
in the second run it is obvious that the crystalline
material exhibits a higher conductivity by more than
three orders of magnitude. This is the usual case for
electronic conductors. Much higher conductivity
values in the 3rd run may be related to an incom-
plete second crystallization process of the glass.
The conductivity enhancement at higher temper-
ature might also be caused by the penetration of sil-
ver. In order to exclude this possibility, gold elec-
trodes have been used. The same phenomena were
observed. Therefore, the conductivity behaviour de-
scribed above is ascribed to properties of the glass.

4. Deposition and characterization of thin film

Thin films of LiMn,0, were deposited by electron
beam evaporation using a four-target Bio Rad ap-
paratus equipped with film thickness monitor. As
crucible graphite was used, while as the source ma-
terial LiMn,O, sintered at 1100°C was employed.
Stainless steel and glass were used as substrate. The
system was pumped to 1 10~ mbar or lower prior
to the deposition. The filament current was adjusted
to be 7.5 to 8.0 mA, and the acceleration voltage 3.0
to 4.0 kV to maintain the emission current in the
range of 15 to 35 mA. The substrate temperature was
not controlled and increased from 25 to 200°C. The
average deposition rate is 2 to 10 nm/min. The
thicknesses of the thin films are between 200 to 700
nm. There has been no extensive investigation to de-
termine whether these conditions yield optimized
properties of the LiMn,O, thin film.

The thin films are at least mostly crystalline as
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Fig. 7. X-ray diffraction pattern for a thin film of LiMn,O,.

Fig. 8. Electron diffraction pattern for a thin film of LiMn,0,.

identified by X-ray and electron diffraction (figs. 7
and 8). The standard diffraction lines of LiMn,0,
are marked in fig. 7 as vertical bars. It can be seen
that the diffraction patterns are rather broad with a
very strong background. This may be due to a par-

tially amorphous nature of the material, or the result
of very fine grains. A TEM image displayed the grain
size to be about 10 nm.

The conductivity was measured between 25°C and
130°C with the Van der Pauw method using silver
paste as ohmic contacts. The results are also given in
fig. 3 along with the data of bulk material for com-
parison. The conductivity is slightly smaller than the
total conductivity of bulk material sintered at
1200°C. Moreover, the activation energy is 0.39 eV
which is close to the value of 0.44 eV for grain
boundary conduction in sample sintered at 1200°C.
This indicates that the grain boundary conduction in
the thin films plays an important role.

The chemical diffusion coefficient of lithium has
been determined to be 1.3 X 10~!* em?/s by the same
method as for the bulk. It is four orders of magnitude
lower than that of bulk material prepared at 1100°C.
This is reasonable. In other systems, such as in InSe
the same result has been obtained [17].

A test cell was assembled from a lithium sheet an-
ode, 1M LiClO, in PC electrolyte, and a LiMn,0,
thin film. The voltammogram of the cell is shown in
fig. 9. The insertion reaction is obvious. The capac-
ity loss within the first 10 cycles is rather large. The
discharge curves of such a cell did not show a voltage
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Fig. 9. Cyclic voltammogram of a thin film cell LiMn;O,/ 1M
LiClO,~PC/Li in the range 1.0-3.0 Vat 4 mV/s.

plateau even at a low discharge current density 0.64
pA/cm?, No attention has been payed to improve
the discharge performances and rechargeability.
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