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Abstract

Well-crystallized Li;Mn<O,. powder with grain size of 0.1-0.4 wm was prepared by heating a eutectic mixture of lithium acetate (LiOAc).
and manganese nitrate (Mn{NO3),), in an oxygen atmosphere. The structure of Li;Mn;O,, crystallites was found to be a cubic spinel using
Rietveld refinement of both neutron and X-ray powder diffraction data. We contirmed that lithium ions occupy both the tetrahedral 84 sites,
and part of the octahedral 16d sites. but not the 16¢ sites in the space group Fd3m, while all the manganese ions occupy the 16d sites. The
lattice parameter was found to be sensitive to the synthesis temperature as a result of the variation in manganese valence. Samples prepared
at 500 °C showed better electrode performance. A rechargeable capacity of about 135 mAh/g for the cell Li/Li,MnsO,. was obtained in the

2.5-3.6 V range of cell voltages. © 1997 Elsevier Science S.A.
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1. Introduction

Extensive research has been directed toward the develop-
ment and optimization of the lithium manganese oxide elec-
trode for rechargeable lithium batteries. Particular attention
has been given to the spinels LiMn,O,. Li;MnsO,, and
Li,Mn,04 [1-7]. Currently, the spinel Li[Li,Mn,_,]0,
(0.03<x<0.10) is becoming more attractive because it
shows better cycling performance. It is the current consensus
that a wide range of solid solutions exists within the Li-Mn—
O family of spinel compounds, and the composition of the
spinel electrode plays a very important role in controlling the
rechargeability of the electrode [3]. Therefore. attention
should be paid to the control of the synthesis process to obtain
single-phase samples with the required stoichiometry. Under-
standing the crystal structural changes during the synthesis
process is crucial for both process control and understanding
the variation of voltage, capacity, and cycling performance
of Li/spinel cells.

In this study. we have focused on the synthesis process of
well-crystallized Li;Mn;O,, the confirmation of cation dis-
tribution by neutron diffraction, and structural changes
caused by the presence of Mn**. The results of structure
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refinements by the Rietveld method using both X-ray and
neutron powder diffraction data. and preliminary results of
the electrode performance of Li/Li,Mn;0,, are presented.

2. Experimental

2.1. Synthesis of Li,;MnsQO,,

99.9% pure LiOAc-2H,0 and Mn(NO,),-6H.O (from
WAKO Pure Chemical Industries) were used as the starting
materials. Stoichiometric amounts of the raw materials were
first heated at 100 °C to obtain a uniform eutectic solution,
and then slowly oxidized at 200 °C under flowing oxygen to
convert the eutectic solution to a solid Li-Mn-O precursor.
Powder samples were obtained by heating the ground pre-
cursor at a temperature ranging from 400 to 900 °C for 1 to
3 days. All samples were heated at a rate of 100 °C/h and
slowly cooled to room temperature in the furnace (about
7 h) under flowing of oxygen (200 ml/min). Details of the
preparation process were described in our previous report

[4].
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Fig. 1. X-ray diffraction patterns for Li;MnsO,, prepared at temperatures
ranging from 400 to 800 °C under flowing oxygen using LiOAc and
Mn(NOQO;); as the raw matenals: for comparison those of LiMn-O, is pre-
sented Arrows indicate the reflections due to Li,MnO;.

2.2, X-ray diffraction

X-ray powder diffraction measurements were conducted
at room temperature on a Rigaku RAX-I X-ray diffractometer
with monochromatized Cu K« radiation (A=1.5406 A) at
40 kV and 30 mA. Data were collected between 2= 15°-
120° with a step interval of 0.03°.

2.3. Neutron diffraction

Neutron diffraction data were collected using the HB4
high-resolution powder diffractometer at the High-Flux Iso-
tope Reactor at Oak Ridge National Laboratory. The white
beam of neutron from the reactor was monochromatized to a
wavelength of 1.4180(2). The sample (about 4.5 g) was
placed in a spinning vanadium can (internal diameter 1 cm,
height 6 cm) during data collection over the 26 range from
11° to 135° in steps of 0.05° at 295 K. Structural refinements
were carried out with a Rietveld-refinement program, R/E-
TAN-94 [ 8,9] for Power Macintosh.

2.4. Electrode performance

The electrode performance of Li,Mn;O,, was examined in
a conventional electrochemical cell at room temperature,

A

respectively.

using lithium metal as the negative and reference electrodes,
and 1.0 M LiPF; dissolved in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 in volume) as the electro-
lyte. The composite electrode was made by mixing the
Li;Mn;O,, powder with 30.0 wt.% acetylene black and
4.0 wt.% of polyvinylidene fluoride (PVDF) dissolved in
I-methyl-2-pyrrolidone (NMP). The slurry was pressed onto
an aluminum mesh current collector { 10 mm X 10 mm).

3. Result and discussion
3.1. Synthesis of well-crystallized Li Mn;0,,

Fig. 1 shows the powder X-ray diffraction patterns of
Li,Mn.O,, prepared at 400, 500, 700 and 800 °C from
LiOAc+ Mn(NO;),, and for comparison, the LiMn,O, stan-
dard. Clearly. higher reaction temperature gave sharper and
higher diffraction peaks, and consequently a better crystallin-
ity for Li;MnsO,,. A minor monoclinic phase, Li.MnQO,,
however, appeared when the reaction temperature was raised
above 700 °C. The reflections of Li,MnO; in the sample
obtained at 700 °C and below were negligible. All the visible
reflections were consistent with those of the cubic spinel
LiMn,0,, but with a visible shift to higher 26 angles corre-
sponding to the contraction of the unit cell from a = 8.242 A
for LiMn,O, to a=8.1610(5) A for Li ,Mn;O,..

Fig. 2 shows a typical scanning electron microscopy image
of the LiyMnsO,, crystallites in the sample prepared at 700
°C. Micrographs (A) and (B) are for the sample prepared in
powder form and in a pellet. respectively. Clearly, the size of
Li,Mn;O,, crystallites in these samples was uniformly dis-
tributed between 0.1-0.4 wm. Such uniformity in size and
shape of the crystallites could be the result of the homogeneity
of the Li-Mn—O precursor.

3.2. Structural refinement of Li,;MnsO,, by the Rietveld
method

The space group Fd3m was used for the structural refine-
ment of Li,Mns;O,,, in combination with atomic coordinates
obtained from our previous X-ray diffraction study [4]. The
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following coherent scattering lengths were used:
h(Li)=—0.1900X 10" m, b(Mn)=—-0.3730x10""
m, b(0) =0.5803 X 10~ "* m. The refinements included the
two crystalline phases: Li;MnsO, (Fd3m, No. 227) and
Li,MnO; ( C/2m, No. 12). The structural parameters of Stro-
bel and Lambert-Andron [ 10] were used for Li,MnO,. Only
the scale factor and lattice parameters for Li.MnO; were
refined because of its small content ( <5%). To obtain better
consistency between the X-ray and neutron diffraction data,
several constraints were imposed in the final refinements. The
occupancy of the octahedrally-coordinated manganese ions
at the 164 sites was finally refined using the X-ray diffraction
data because manganese is more sensitive to X-rays, while
the occupancy of lithium at the 8a sites and oxygen at the
32e¢ sites, and isotropic thermal parameters. B, were deter-
mined using the neutron diffraction data. The final observed.
calculated, and difference profiles are shown in Fig. 3, and
the refined lattice parameter, atomic coordinates, and thermal
parameters for Li;MnsO,. prepared at 700 °C are listed in
Table 1.

The site occupancies listed in Table | confirmed that the
distribution of cations is very close to that in the ideal arrange-
ment, (Li)y,[Li,;sMns/3]6,04. The occupation of the inter-
stitial 16c¢ sites by Li and the 8a sites by manganese are ruled
out. Allowing variation of the oxygen site occupancy factor
results in a value of 1.0 within the estimated standard devia-
tion (e.s.d.). which indicates that this sample is very nearly
stoichiometric with respect to oxygen. Instead, the occupancy
of manganese at the 164 sites, g{Mn), is found to be 0.84,
with an e.s.d. of 0.02. The value of g(Mn) is a little higher
but in good agreement with 0.833 for the ideal cation arrange-
ment of Li;MnsO;,, in which 0.333 Li ions are required to
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Table 1
Structural parameters of Li,MnsO, prepared from LiOAc and Mn(NO.),
at 700 °C under flowing oxygen

Space  Fd3m No 227 a"=8 159431 A a=8.1596(2) A

group  site x=y=: g B (A%

Atom

Lif1) Ba 0.0 1.00(5) + 1.0(2)*

L- 16d 0.625 0.16 =B (Mn)

i)

Mn 16d 0.625 0.84(2) " 0.40(5) "

(0] 32¢ 03878(31° 1.00(2)"* 0.80(4) -
0.38800 1 ¢

All numbers 1n the parentheses present the e s.d. of the last significant digit,
and g is the occupancy

* Constratnts on occupancies g(Mn) +g(Li(2)) =1 and sotropic thermal
parameters B(Li(2))=B(Mn) were applied

P Parameters refined using the X-ray diffraction data

¢ Parameters refined using the neutron diftraction data

all the manganese ions are in the (4 + ) oxidation state. From
an electroneutrality point of view, a higher value of g(Mn)
indicates the presence of Mn®** ions.

3.3. Structural changes of Li Mn;O,. with synthesis
temperatures

Analogous refinement of diffraction data for samples pre-
pared at low temperature resulted in similar structural para-
meters. The structural parameters for the sample prepared at
500 °C are almost identical to those of the sample prepared
at 700 °C, except for the lattice parameter u = 8.1405( 10) A.
It means about 0.7% contraction in the unit-cell volume com-
pared with that of the sample prepared at 700 °C. The refined

compensate the imbalance in charge in the 164 sites assuming occupancy of manganese at the 164 sites, g(Mn). is
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Fig 3. Rietveld-refinement protiles for the L1,Mn;0, sample prepared at 700 °C Observed (dots) and calculated (solid line ) intensities are shown at the top,
and the difference between the observed and calculated intensities (A[) at the bottom The tick marks below the patterns indicate the positions of all possible
Bragg reflections due to Li,Mn<O,, (upper) and L1,MnO, (lower). R factors as defined in Ref | 9] are given for reference.
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Fig. 4. Plot of the refined g( Mn), the portion of precipitated Li,MnO; versus
synthesis temperature, along with the lattice parameter for the spinel phase.

0.83 4+ 0.01 which is identical to 0.833 for the ideal arrange-
ment. indicating that the oxidation state of manganese in this
sample is very close to (4+).

Refinement of g(Mn) revealed that g(Mn) increases with
synthesis temperature. The refined occupancy, g{ Mn), in the
spinel phase. and the portion of precipitated Li-MnO; in the
final product are plotted in Fig. 4 versus the synthesis tem-
perature, along with the lattice parameter. As the synthesis
temperature was raised to 900 °C, g(Mn) reached 1.0, which
indicates changes in the composition of the spinel phase.
Since no evidence for oxygen deficiency at the 32e sites was
found in these refinements. the spinel phase should have a
composition of Li, . Mn,_ O, (1/3<x<0), lying on the
tie line between Li;Mn;0,, and LiMn,O, in the Li-Mn-O
diagram [2.3]. The compositional change of the spinel phase
from Li,Mn;sO,, to LiMn,O,. thus, can be expressed as
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Fig. 5. Cyclic voltammograms within the 1.5-4.6 V potential range for Li/
L1,Mn;0,; cells using samples prepared at 500 and 700 °C, respectively.
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As temperature increases, x decreases from 1/3 to 0, the
lithium ions at the octahedral 164 sites are replaced by Mn* *
ions. Therefore, the increase in lattice parameter with synthe-
sis temperature can be easily ascribed to the presence of larger
Mn** jons in the samples prepared at elevated temperatures.
The effective ion radii of octahedrally coordinated Mn** and
Mn** are 0.645 (at high spin state) and 0.56 A, respectively.
The precipitation of Li,MnOs, thus, occurs to consume the
excess lithium. Details of this compositional change was dis-
cussed separately [6].
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Fig. 6 Charge/discharge profiles for the (mitial ten cycles of L1/L1,MnsO;, cells using the powder samples synthesized at (a) 500 °C. and (b) at 700°C. The

capacity delivered per cycle for these cells is shown in the corresponding figures below. (¢) and (d), respectively.
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3.4. Electrode performance of LiMnsO,»

The cyclic voltammograms between 1.5 and 4.6 V swept
at 1.0 mV/s are shown in Fig. 5 for Li/Li;Mn;O,, cells. The
sample prepared at 500 °C showed a larger peak around 2.6
V but a smaller one at 3.9 V than those of the sample prepared
at 700 °C. Theoretically. Li;MnsO,, offers no capacity at the
4.0 V region because manganese ions are tetravalent and it is
not possible to oxidize these cations further by electrochem-
ical extraction of lithium at practical voltages ( <5.0 V).
Therefore. the peak around 3.9 V indicates that the oxidation
state of manganese should be less than 4.0, thus, a portion of
Mn*" ions exists in these samples. The larger peak at 3.9 V
reveals that a larger portion of the Mn* ™ ions is presented in
the sample prepared at higher temperature. This is in good
agreement with the results of Rietveld refinements.

Fig. 6 shows the initial ten charge and discharge profiles
of two Li/Li;MnsO,, cells, when cycled between voltage
limits of 2.5 V and 3.6 V, at a current density of 0.3 mA/
cm?, and the cycle performance given in the cathode capacity
delivered per cycle, calculated for the mass of active material
only. Active materials synthesized at 500 °C shown in
Fig. 6(a) and (c), and 700 °C shown in Fig. 6(b) and (d).
have similar charge /discharge profiles around 2.9 V. The cell
using the sample synthesized at 700 °C showed a much lower
capacity and a continuous decrease in capacity with cycling
from 100 to 76 mAh/g after the initial ten cycles. While the
cell using the sample synthesized at 500 °C had better capacity
retention and delivered over 100 mAh/g after initial ten
cycles. Consequently, the oxidation state of manganese in
Li,Mn;O,, has a profound effect on the electrode perform-
ance of Li/Li,Mn;O,, cells. Synthesis of Li;MnsO,, with
all manganese ions in the oxidation state of (4.0+ ) is the
decisive factor in obtaining good electrode performance.

4. Conclusions

Well-crystallized Li,;MnO,, has been prepared from the
eutectic of LiOAc and Mn(NO,), under flowing oxygen.
Rietveld refinements with the X-ray and neutron powder dif-

fraction data indicated that Li;MnsO,, possesses a cubic
spinel structure, in which. lithium ions occupy both the tet-
rahedral 8a sites, and part of the octahedral 164 sites, but not
the 16c¢ sites, while all the manganese ions occupy the 164
sites. The lattice parameter was found to be sensitive to the
synthesis temperature as a result of the variation in the oxi-
dation state of manganese. The sample prepared at 500 °C
showed better electrode performance: arechargeable capacity
of about 135 mAh/g for the cell Li/LizMns0O,, in the range
of cell voltages 2.5-3.6 V. It is found that the oxidation state
of manganese in Li;Mn;0,, has a strong effect on the elec-
trode performance of Li/Li,;Mn;O,, cells.
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