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Well-crystallized Li;MnsO,; powder has been prepared by heat-
ing a eutectic mixture of lithium acetate LiOAc and manganese
nitrate Mua(NO;), at 700°C for 1-3 days in an O, atmosphere. The
Li and Mn content in the final products was determined from
atomic absorption spectroscopy. The tetravalent manganese in the
final product was found to be 95% based on the active oxygen
content determined by KMnQ, titration. The structure of
LiMns0,; crystallites was refined by the Rietveld method from
powder X-ray diffraction data as a cubic spinel, a = 8.1616(5) A,
space group Fd3m, LisMn:O,, crystallites are stable at tempera-
tures up to 600°C in oxygen but decompose (o spinel LiMn, 0, and
monoclinic Li;Mn(O; at temperatures higher than 530°C in
Ng. 0 1995 Academic Press, Inc,

1. INTRODUCTION

The typical cubic spinel LiMnzO, (1) possesses a proto-
typic symmetry of Fd3m. (O}), in which oxygen ions
form a cubic-close-packed array occupying the 32¢ sites
of the space group; Mn ions occupy the 164 sites (half of
the octahedral sites) and Li ions occupy the 8« sitcs {one-
eighth of the tetrahedral sites). The interstitial octahedral
sites (16¢), which are interconnected three-dimensionally
by sharing common edges with six like near neighbors
exactly as the 164 sites but shifted by half a lattice param-
eter in space, provide 3D conduction pathways for Lit
ions. These structural characteristics make the spinel-
type lithium manganese oxides practical as Li* adsorb-
ents and cathode materials for electrochemical cells and
rechargeable lithium batterics.

Extensive research has been directed toward the de-
velopment and optimization of the lithium manganese ox-
ide clectrodes for rechargeable lithium batteries (2, 3).
Thackeray and co-workers (4-6) have demonstrated that
the IMn;]O, framework is capable of reversibly accom-
modating Li over a wide range (i.e., Lig4Mn2]O4 to
Li;[Mn;]O,). Powder X-ray diffraction patterns of the ex-
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tracted/inserted samples confirmed that the spinel frame-
work remained intact during the extraction/insertion pro-
cess. The lattice parameter, however, decreased from
8.24 A for LiMn,O4 to 8.03 A for A-MnO; due to the
extraction of Li* and the simultaneous dissolution of
Mn?* resulting from the disproportionation reaction of
2Mn?* — Mn?* + Mn**, This leads 10 a decline in elec-
trode capacity and consequently, poor rechargeability of
lithium secondary batteries. Most approaches directed at
reducing the portion of Mn** have been limited to doping,
whercby, another ion, such as Co, Ni, Fe, Mg, is used to
replace Ma't. However, it has been revealed that doping
is not very effective. Recently, Kock and co-workers (7—
9) demonstrated that the Mn** defective spinels Li,O -
yMnO; (y = 2-4, or Li;Mn O¢-LisMns0;;) could be syn-
thesized at temperatures below 400°C. Their preliminary
results showed that Mn** defective spinels possessed
higher electrode capacity and better rechargeability than
that of LiMn,0,.

Ooi and co-workers {10-12) have systematically inves-
tigated the Li* extraction/insertion reactions with spinel-
type Li-Mn-O compounds for the development of Li*
absorbents for the extraction of Li* ions from sea water.
The acid-treated samples of Li_,Mn;_,0, or A-MnO,
have shown excellent selectivity of Li* from sea water as
compared to the existing absorbents. It has also been
found that the oxidation state of manganese in the heat-
treated precursor plays a very important role in the for-
mation of Li* insertion sites. The spinel-type precursor
with trivalent Mn such as LiMn,0y gives a redox-type
site on the basis of Eqs. {1] and {2], whereas the precur-
sor with tetravalent Mn alone (such as LizMnsOy3) simply
gives an ion-¢xchange-type site based on Li*/H™ ion ex-
change as shown in Eq. {3]:

4(LDH[Mn**Mn?*]0, + 8H* — 3(O)[Mn*t),04 + 4LI
+ 2Mn?t + 4H,O {1]
() Mn?t],04 + nLIOH — (Li,O4_.)[Mn}*Mnit, 10,

+5H0+20; 1 2]
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(Li[Lio 3sMn{%10s + 1.33H* — (H)[Ho3:Mn1%;]0,4 3]
+ 1.33Li",

The symbols (), [], and < are, respectively, 8a tetrahe-
dral sites, 164 octahedral sites, and vacant sites. The Li*
extraction/insertion reaction occurs preferentially with
ion-exchange-type sites. Consequently, the structural ex-
pansion/contraction or the disproportionation reaction
2Mn’t — Mn?* + Mn*' is suppressed. The high Li/Mn
ratio of 0.8 for the Mn** defective spinel LisMnsOy; or
Li, ;3Mn, ;04 makes it particularly attractive for applica-
tions as a Li* selective absorbent.

The difficulty in synthesizing well-crystallized Mn**
defective spinels is due to the concomitant formation of
Mn?* by the reduction of tetravalent manganese at 400°C
and above. The reduction can be simply expressed in
oxide forms by

1
2MI102 e Mn203 + 5 02. [4]

For a number of Mn**, Li*-containing spinels of the type
LiMe**Mn*t 0O, (Me represents bivalent or trivalent metal
ions) prepared at 750°C, Blasse (13) found that the con-
tent of active oxygen determined by titration was gener-
ally somewhat lower than theoretically expected, i.c.,
larger amounts of Mn** were present in such compounds.
He indicated that at temperatures below 400°C, it was,
however, not possible to obtain single-phase reaction
products owing to the low rate of solid state reaction.
Recent studies.conducted by Thackeray’s group (8, 11)
revealed that Li;MnsO; crystallites obtained via the solid
state reaction of Li,CO; and MnCO, at 400°C, was an
intermediate phase, or metastable, They indicated that
Li;MnsQ,; would decompose to the stable spinel
LiMn;0,; and monoclinic Li;MnQ; (14, 15) at tempera-
tures higher than 400°C.

This paper describes our synthesis and characteriza-
tion of the well-crystallized LizMnsO;. It will be shown
that the oxidation state of manganese in the precursor
plays an important role in the formation of the well-crys-
tallized Mn** defective spinels.Once LisMn;0;; crystal-
lites form, they are stable up to 600°C in oxygen. The
results of structure refinements and quantitative phase
analyses by the Rietveld method based on the powder X-
ray diffraction data are presented.

2. EXPERIMENTAL

2.1. Preparation of Well-Crystallized Lis\MnsO;

Preliminary synthesis was conducted using a variety of
Li and Mn compounds as raw materials including lithium
carbonate Li;COs, nitrate LiNQ,, acetate LiQOAc; man-
ganese carbonate MnCQ;, nitrate Mn(NQO;),, and the
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oxides Mn;0;, MnQ,. It was found that lithium acetate
dihydrate LiOAc - 2H,0, and manganecse nitrate hexa-
hydrate Mn{(NO;), - 6H,0Q, were superior to other starting
materials in the preparation of Li;Mn;0; for the follow-
ing reasons:

(i) The extremely low melting points of Mn(INO;), -
6H,0 (28°C) and LiOAc - 2H;0 (70°C) make it possible to
obtain a homogeneous liquid precursor. Also, it was
found that a uniform eutectic was formed simply by heat-
ing them at 100°C,

(i) The oxidation of Mn{NQ3), and LiOAc occurred
simultaneously at very low temperatures below 200°C,
thereby converting the eutectic to a highly reactive solid
phase Mn** precursor consisting of manganese oxide
MnO, and amorphous Li,O.

The preparation process developed for LisMnsOy; is
schematically shown in Fig. 1. 99.9% pure LiOAc - 2H,0
and Mn(NQ;); - 6H,0 were purchased from WAKO Pure
Chemical Industries, Ltd. and used without further purifi-
cation. First, 40.0 g of Mn(NOs}; - 6H,0 and 11.373 g of
LiOAc - 2H,0 (Li/Mn = 0.8 in mole) were placed in a
1000 ml separable flask and mixed at 100°C for 1 hr with
stirring under flowing O; gas. The eutectic liquid -thus
obtained was slowly oxidized at 200°C for 6 hr in O,, The
solid obtained was then powdered and pelletized (5 mm
thick, 10 mm in diameter). Finally, the pellets were
heated in a silica tube to a temperature of 500-850°C at a
rate of 100°C/hr with a cylinder electric furnace and held
there for 1-2 days with 200 mi/min of O; flowing during
the crystallization of LisMnsO;. The samples thus ob-
tained were labeled after the reaction temperature and
duration as ANT500-2D, ANT600-2D, ANT700-2D, and
ANT850-1D. Most characterizations were carried out on
sample ANT700-3D which was prepared by heating at
500°C for 1 day and then at 700°C for 3 days to insure
good crystallinity,

The standard spinel LiMn,0, was prepared in air by
the solid reaction of Mn,0, and Li,CO; in a 2:1 molar
ratio. Initially, it was heated at 650°C for 12 hr in order to
decompose the Li;COs; this was followed by heating at
850°C for 24 hr. The monoclinic phase Li;MnQ; was pre-
pared by the solid reaction in air of Li,CO; and MnCQ; in
a 1:1 molar ratio at 800°C for 24 hr.

02“"‘
LiOAc-2H,0
Mn{NQ4}o6H,0) —

Melting & Oxidation
100°C ~ 200°C

Weighting

Mixing &
Pellatization

Crystallization
400°C ~ 700°C

FIG. 1. Scheme for the preparation of well-crystallized Li,Mns0,;.
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2.2. Composition Analysis and Characterizations
ofLi4Mn5012

The Li/Mn molar ratio of the final products was deter-
mined using a Shimadzu AA-650 doubie beam digital
atomic absorption spectrophotometer. The sample solu-
tion was prepared by first dissolving the sample in a solu-
tion of sulfuric acid and hydrogen peroxide, then evapo-
rating the acids, and redissolving the solid in purified
water. The standard solutions of Li (LiCl in 0.01 N HC))
and Mn (Mn(NO;), in 0.01 N HNO,) at concentrations of
1000 ppm were purchased from WAKOQO Pure Chemical
Industries Ltd., and used for calibration after diluting to
1-10 ppm with purified water. The mean oxidation num-
ber of manganese (Zun) in the sample was determined
from the active oxygen content as measured from the
standard volumetric method (16) of KMnOy titration.

The density was evaluated from the buoyancy of the
sample in toluene using ME-210250/21060 density deter-
mination kits and a METTLER AT261 analytical bai-
ance. A special gem holder with a Ta vessel (15 mm high,
10 mm in diameter) and a Cu wire holder (70 mm high, 0.2
mm in diameter), was especially designed for powder
samples. In order to fully displace the air within the sam-
ple powder by toluene, the sample within the Ta vessel
was immersed in 200 ml of toluene for 24 hr under low
pressure (500 mmHg) before the measurement of buoy-
ancy.

Powder X-ray diffraction patterns were collected at
room temperature on a Rigaku RAX-1 X-ray diffractom-
eter with CuKea radiation monochromated by a graphite
single crystal at 40 kV, 30 mA. The structural refinement
was carried out with the Rietveld refinement program
RIETAN (17) on a Fyjitsu M-1800/30 (MSP) mainframe
computer.

The thermal stability of Li;Mns0O,; was measured by
TG using a Seiko SSC5020 thermal analyzer system at a
heating/cooling rate of 10°C/min with 200 mi/min flow of
02 or Nz.

3. RESULTS AND DISCUSSION

3.1. Characterization of Well Crystallized LiyMns;01,

Powder X-ray diffraction patterns of the products from
reactions between LiDAc + Mn(NOi:); Li,CO; +
MnCO;; LixCO; + MnO»; LixCO; + MnyOs at 700°C for
24 hr under flowing O, are shown in Fig. 2. By comparing
the sharpness and heights of the main reflection peaks, it
is clear that the main phase Li;Mn;0O,; synthesized from
the eutectic of LiIOAc + Mn(NO;); has the best crystal-
linity, whereas that from Li,CQ, + MnCO; has the worst,
This can be attributed to the following facts: (i) The de-
composition temperature of MnCQO; (370°C) and Li,CO;
(>600°C) is much higher than that of Mn(NOs), (129.5°C)
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FiG. 2. Powder X-ray diffraction patterns of Li,MnsO,; samples
prepared at 700°C from various raw materials.

and LiOAc (<<200°), thereby retarding their ability to
form Li;Mn¢Oy;. (ii)) The precursor obtained from
LiOAc + Mn(NO3); via liquid states should have higher
uniformity and reactivity. Careful observation revealed
that the magnitude of the shift of diffraction peaks to
lower 20 values, as a result of the formation of LiMn,0,
and Li,Mn(Q);, was in the order corresponding to the
starting manganese compounds, Mn,O, > MnCO; >
MnQO;. Considering that MnCO; decomposes to a mix-
ture of MnO; and Mn;O; under the reaction conditions, it
is evident that the trivalent Mn’* portion of the precursor
has a strong tendency to form LiMn;0,, as well as
Li,MnQ;, which precipitates from the reaction, thereby
consuming the surplus Li. Therefore, it is essential to
use Mn*t precursors to synthesize well-crystallized
Li4M[l50]2.

The measured composition, active oxygen content,
and density data of Li;MnsOy; prepared under various
conditions are given in Table 1. The Li/Mn molar ratios
in the samples prepared from the eutectic of LiOAc and
Mn(NOs); (denoted as AN) were found to be exactly 0.8,
indicating the high homogeneity of the precursor. How-
ever, the Li/Mn ratio of the sample prepared from
Li;CO; + MnCO; (denoted as CC) was 0.88 which is
significantly higher than 0.8 and probably due to the inho-
mogeneity of the precursor and the localized precipita-
tion of Li-MnOs. Overall, the active oxygen contents of
Li;MnsO;; samples were calculated to be somewhat
lower than that for the case where it is assumed that all
manganese ions are tetravalent. The maximum percent-
age of Mn** (Mn**%) in the samples was estimated from
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TABLE 1
Composition, Active Oxygen Content, and Density Data for Li,Mn;0,; Samples Prepared under Various
Conditions and, for Comparison, the Data for the Standards LiMn,0, and Li;MnQ,

Active oxygen% Mn ion state

Li/Mn Density

Sample ID (mole]) (gfcm?) Calculated Measured Zyn Mn**%
ANTS00-2D-0, _ 3.91 £ 0.02 16.18 15.17 = 0.04 3.75 9.7
(§0 atm} 3.91 = (.02 ’ 15.15 = 0.04 3.75 93.6
ANT600-2D-0, 0.80 = 0.01 3.95 £ 0.02 16.18 15.12 = 0.04 3.74 934
ANT700-3D-0, 0.80 = 0.1 4.01 = 0.02 16.18 15.36 = 0.03 3.80 94.9
(10 atm) 0.80 = 0.01 4,02 + 0.02 ' 15,27 = .03 3.78 94.3
ANTSE50-2D-0, — 4.12 = 0.03 16.18 15.10 = 0,03 vk 93.2
CCT700-3D0-0y 0.88 = .02 4.08 = 0.03 16.18 14.79 = 0.03 3.66 91.3
LiMn,Oy 0.50 = 0,01 4.10 = 0.03 13.27 13.36 % 0.03 3.52 75.5
Li;MnO, — 3.87 = 0.01 13.70 13.75 £ 0.03 4.01 100.3

o This sample was prepared by reacting Li,CO, with MnCO, at 700°C for 3 days under flowing O,.

the active oxygen content to be 95%. In an attempt to
oxidize the Mn** portion, the pressure of oxygen during
the reaction and crystallization of the precursor obtained
from LiOAc + Mn(INO»),, was increased to 10 atm. The
results for the sample synthesized under 10 atm of O, are
shown in Table 1 along with those prepared under the
same conditions but with flowing O;. No improvement
was observed in terms of the Mn**% in these samples.
Hence, increasing the oxygen pressure to 10 atm was not
sufficient to fully prevent the Mn** from being reduced
when the crystaliization temperature was raised above
500°C. Based on these results, further characterization
was limited to the samples prepared from LiOAc +
Mn(NO,); with O, flowing,

6.0

5.0
4.0

3.0

700C-2D

I (x1000 CPS)

2.0

h 600°C-2D
1.0
0.0 e
20 30 40 50 60 70 80
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500°C -2D

FI1G. 3. Powder X-ray diffraction patterns of Li;Mns0;: samples
prepared from the eutectic of LiOAc and M{NG,}, at various tempera-
tures, togsther with that of LiMn,0,. An offset of 1100 cps of each line
was applied for clarity.

Figure 3 shows powder X-ray diffraction patterns of
Li;MnsOy; prepared at 500, 600, and 700°C from LiDAc +
Mn(NO,),, and for comparison, the standard LiMn,0y is
also presented. Clearly, the higher reaction temperature
gave the sharper and higher diffraction peaks, and conse-
quently the better crystallinity of Li;MnsOy,. The minor
monoclinic phase LizMnQj;, however, became apparent
as the reaction temperature was raised above 700°C. The
diffraction peaks of monoclinic phase Li;MnQ; in the
sample obtained at 700°C were negligible as shown in
Figs. 2 and 3. All the detected reflection peaks were con-
sistent with that of a cubic spinel LiMn;0,, but with a
visible shift to the higher 26 values corresponding to the
contraction of the unit cell from a = 8.242 A for LiMn,0,
to 8.1616(5) A for LigMns0;;.

Figure 4a shows the TG curve of sample ANT700-3D
in O,. The sample was fairly stable at temperatures up to
600°C. However, at temperatures between 700 and 400°C
we observed what is, at least to our knowledge, the first
example for such compounds of a reversible 0.77%
weight loss/gain. By assuming that this weight {oss/gain
results from the desorption/absorption of oxygen due to
the reduction/oxidation Mn** < Mn**

] " Heating . s 4t X
LisMn3s'0,; &=—— LiMn; Mﬂ(j-x)o(]z_%) + 3 Os(g).
Cooling [51]

It is calculated that the 0.77% weight loss from 600 to
700°C leads to the evolution of 0.12 O, from one
Li;MnsO,; with the reduction of 9.4% of Mn** to Mn®*,
and upon cooling from 700 to 400°C, about 0.12 O, is
absorbed from the atmosphere, i.e., LiMni'Q,; &
LiMng tsMni%0,, 76 + 0.12 O;. Details about this revers-
ible weight loss/gain will be described separately.
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FIG. 4. TG-DTG curves of Li;Mn0, {sample ANT700-3D) mea-
sured with the 200 ml/min flow of (a} O, and (b) N, together with that of
LiMl’l204.

A significant effect of heating atmosphere on the stabil-
ity of LisMns0;; was observed. Figure 4b shows the TG-
DTG curves of sample ANT700-3D measured with flow-
ing N,, along with that of LiMn;Q, (the broken lines).
The first weight loss (~3%) observed between 500 and
700°C can be attributed to the evolution of O, during the
decomposition of Liy;Mns(; to LiMn,O,; and LixMnO;
which corresponds to a weight loss of 3.24% according to

LisMnsOy; — 2LiMn;04 + LipMnQ; + %02 T. 6]

A second weight loss proceeds via the decomposition of
LiMny0O,;. The decomposition of LisMnsOy; in N; was
confirmed by X-ray diffraction data. Figure 5 shows the
X-ray diffraction patterns of sample ANT700-3D after
reheating at 580°C for 24 hr with 200 ml/min of N, or O,
flowing. No structural change was detected in the sample
reheated in O,, but the structure of the sample reheated
in N, changed remarkably as detected by the splitting and
broadening of the reflection peaks. These peaks were as-
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signed to the reflections from both LiMn;0; and
Li;MnQ;. Consequently, the defective spinel LisMnsOy;
has better thermal stability in the oxygenic aimosphere
than in a reductive atmosphere such as N.

3.2. Structure Refinement of Li\MnsOyy
by the Rietveld Method

Figure 6 shows the Rietveld refinement plot of sample
ANT700-3D from which the structural data of Li,MnO,
were determined; 5250 data points per scan were col-
lected between 28 = 15°-120° with a step interval of
0.02°. The simultaneous refinement was carried out on
two crystalline phases: phase 1-LisMns;Oy; (space group
Fd3m, No. 227) and phase 2-Li;MnO; (C/2m, No. 12-1).
The initial structure model for LiMnsO,3/Li; 1:3Mny 6,04
was adopted from Blasse’s report (13). The crystallo-
graphic parameters of Li;MnQ; were adopted from Ref.
(i4) by Strobel and Lambert-Andron. Only the scale fac-
tor and cell parameters for LiMnQ; were refined because
of its small content (~35%). By performing a simultaneous
refinement, the ‘‘goodness of fit"” indicator, S, for
LisMns0,; was improved from 1.46 for single phase re-
finement to 1.31. The improvements in R factors for
Li4Mn50,2 ranged from: Rwp = 16.06% to 1448%, Rp =
11.14% 10 9.97%, Rg = 2.72% t0 2.02%, and Rr = 2.27%
to 1.74%, respectively. The crystallographic parameters
of LigMn;s0,; are listed in Table 2. The site occupancy of
the octahedrally codrdinated manganese ions (16d sites)
was refined as 0.84 with an estimated standard deviation
(esd) of 0.02. This is in good agreement with 0.833
(1.67/2) of the ideal arrangement Li; 33Mn,¢:04 (13) in
which 0.33 Li ions are required to compensate for the
imbalance in charge at the 164 sites. It is, however, very
difficult to determine the occupancy of Li ions from X-

0= LiyMns0,p
R-tIMn,,
#-LipMnO,

2
5]
2
[

Oy Flowing

- =

I (CPS}

e
. I b ) . N e

— 1 iy I
10 20 30 40 50 60 70 80
20/degree

FIG. 5. Powder X-ray diffraction patterns of Li;MnsQ; (sample
ANT?700-3D) after reheating at 580°C for 24 hr with O, and N, flowing.
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FIG. 6. Rietveld refinement plot of sample ANT700-3D, The observed and calculated intensity data (J, and I.) are plotted in the upper field as

points and as a solid-line curve, respectively. The difference Al = I,

— I is shown in the lower field. The tick marks below the pattern indicate the

positions of all possible Bragg reflections from phase 1 (upper) and phase 2 (lower).

ray diffraction data, because Li is a light scatterer of X-
rays and does not contribute much to the scattering am-
plitude of the individual reflections. For this reason, it is
still not clear whether the presence of Mn** will affect the
distribution of Li ions on 16d sites. At this stage, we can
conclude that the distribution of Li and Mn ions in
LizMn;s0,; appears to be close to the ideal distribution
{Li)s;[Lip:aMn ¢7116404. Further verification with neu-
tron diffraction is in progress.

Efforts have been made to analyze the guantities of
LizMnO; and Li;MnsO,; in the samples prepared at 500
850°C. Hill and co-workers {18-21) derived a very simple
relationship for determining the phase abundance by the

TABLE 2
Crystallographic Parameters of LiyMn;0;; Crystal Prepared
from LiOAc and Mn(NO;); at 700°C with Flowing O,

Space group: Fd3m, No. 227, a = 8.1616(5) A, §« = 1.31

Atom Site x=y=¢g g B (AY)
Li(1) 8a 0.0 1.0 1.0
Li(2)* 164 0.625 0.16(2) 0.72(6)
Mn 16d 0.625 0.84(2) 0.72(6)
(8] 32e 0.3874(4) 1.0 1.6(2)
Rup = 14.48%, Rp = 9.97%, Ry = 2.02%, Ry = 1.74%

Note. All numbers in parentheses represent the esd’s. g is the site
oceupancy.

@ The “‘goodness of fit’” indicator, S, and R factors were defined as
described on p. 22 of Ref. (17).

# Constraints on the site occupancy gwmn + gL = | and isotropic
thermal parameter By, = Byiz were applied.

Rigetveld method
W, = S,(ZMV), / > S{ZMVY;,
=1

where W is the relative weight fraction of phase p in a
mixture of n phase, and S, Z, M, and V are, respectively,
the Rietveld scale factor, the number of formula units per
unit cell, the mass of the formula unit (in atomic mass
units), and the unit cell volume. The amount of amor-
phous or noncrystalline material (W,) in the sample was
determined by adding Si powder in a weight fraction W,
as an internal standard phase. In this case, the absolute
weight fractions of the other identified components p are
given by

W, = W,S,(ZMV),/S(ZMV),

and

The final results along with the lattice parameters and
measured density data are shown in Table 3. Sample
ANT700-3D had a high crystalline LisMnsO;, content of
95%. Samples obtained at temperatures below 600°C con-
tained about 2—6% of an amorphous component. Also an
amount of crytalline Li;MnQ; and significant LiMn,0,
were observed in the sample prepared at 850°C. The
amount of LiMn;0,; was determined from both Eq. [6]
and the active oxygen content. The calculated densities
of these samples, on the basis of the phase components
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TABLE 3
Structural Parameters and the Results of a Quantitative Phase Analysis for Li,Mn;0;; Samples by the Rietveld Method
as well as for LiMn;Q, and Li;MnO;

Li4Ml’l50]2 phase

Calculated phase

Density (g/cm’)

Sample 1D a (A) Eoun® ID Density %% Calculated Measured

Li4Mn5012 4.02 91.1

ANT500-2D 8.1361(5) 0.81(2) Amorphous — 6.0 — 3.91(2)
Li;MnO; 391 29
Li4Mn5012 4.03 92.6

ANT600-2D 8.1467(8) 0.82(3) Amorphous — 2.0 — 3.95(2)
Li;MnO; 3.90 5.4
Li.4Mn5012 4.04 95.1

ANT700-3D 8.1616(5) 0.84(2) Li;MnO, 188 49 4.03 4.02(2)
Li4Ml’]50|2 4.07 806

ANTSE50-1D 8.1813(5) 0.85(9) Li:Mn(, 3.88 6.5 4.10 4.12(3)

LiMn Oy 8.2411(4) 0.85(7) LiMn,0, 4.17 100 4.17 4.10(3)

Li;MnOs — — Li;MnO; 3.88 100 3.88 3.87(1)

Note. Numbers in parentheses represent the error in the least significant figure.
 Site occupancy of the octahedrally coordinated manganese ions (164 sites).

determined by the Rietveld method, are close to the mea-
sured values within experimental error. Considering the
difficulty in the synthesis of single phase LisMnsQ;,, it is
concluded that the quantitative phase analysis method
provides indispensable information about the phase com-
ponents.

CONCLUSION

Well-crystallized LiyMnsO,; has been prepared from
the eutectic of LiQAc and Mn(NQ;), at 700°C for 1-3
days with O, flowing. The molar ratic of Li/Mn in the
final products was determined to be exactly 0.80 from
atomic absorption spectroscopy. The percentage of
tetravalent manganese present in the final products was
evaluated to be 95% based on active oxygen content.
Rietveld refinement with powder X-ray diffraction data
indicated that LisMn;O,; possesses a cubic spinel struc-
ture with @ = 8.1616(5) A, space group Fd3m. LiMnsO,
is stable in oxygenic atmosphere up to 600°C, but decom-
poses 1o LiMn,0,4 and Li;MnO; at 530°C in N;.
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