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Well-crystallized Li;MnsO,, powder was prepared by heating
a eutectic mixture of lithium acetate LiOAc and manganese
nitrate Mn(NO;), in an O, atmosphere. The structure of
Li;Mn;O,, crystallites was found to be cubic spinel using Riet-
veld refinement of both neutron and X-ray powder diffraction
profiles. We confirmed that lithium ions occupy both the tetra-
hedral sites 84 and part of the octahedral sites 16d, but not the
16¢ sites in the space group Fd3m, while all the manganese ions
occupy the 164 sites. The lattice parameter was found to be
sensitive to synthesis temperature as a result of the variation in
manganese valence. The presence of Mn** leads to the formation
of a stoichiometric spinel Li[Li,Mn,_.]O, in which x decreases
from 1/3 (Li,Mn;0,,) to 0 (LiMn,0,), with concomitant forma-
tion of Li,MnO; depending on the synthesis conditions. «© 1997

Academic Press

1. INTRODUCTION

Lithium manganese oxides have been extensively studied
as the cathode materials for advanced rechargeable lithium
batteries because they offer high cell voltage, good rechar-
geability, and a wide operating temperature range with
a much lower cost compared to LiNiO, and LiCoO,.
Particular attention has been given to the spinels LiMn,O,
(1-4), LizMnsO,, (5-8), and Li,Mn,Oy (9, 10). Currently,
the spinel Li[Li:Mn,_,]O, (0.03 < x < 0.10) is becoming
more attractive because it shows better cycling performance.
It was found that the onset of the structural changes caused
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by the Jahn-Teller distortion upon deep discharging could
be suppressed by introducing a small amount of Li ions into
the 16d sites to keep the average Mn oxidation state slightly
above 3.5 (2,11). It is the current consensus that a wide
range of solid solution exists within the Li-Mn—O family of
spinel compounds, and that 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 stoichio-
metry. Understanding the structural changes during the
synthesis process is crucial for both process control and
understanding the variation of the voltage, the capacity, and
the cycling performance of Li/spinel cells.

Studies on Mn** defect spinels Li,O:-yMnO, (y =
2.5-4) with end members LizMns;O;, (y=2.5) and
Li;Mn,O4 (y = 4) are, however, limited to those poorly
crystallized powders obtained from the solid state reaction
of Li,COj3 or LiOH, and MnCO; or MnO, at temperatures
below 400°C, because the concomitant formation of Mn> "
occurs by the reduction of Mn** when the reaction temper-
ature is raised above 400°C. Recently we reported that
well-crystallized Li;MnsO,, can be prepared at a temper-
ature up to 700°C from a eutectic mixture by using lithium
acetate LiOAc and manganese nitrate Mn(NO3), as start-
ing materials (6, 7). The structure of LizMnsO, crystallites
was previously studied by X-ray powder diffraction. Ideally,
LiyMnsO,, with all Mn ions in the 4+ oxidation state
should be isostructural to the spinel LiMn,O, with the
cation distribution (Li)g,[Li;;3Mns;3]16404, in which oxy-
gen ions form a cubic-close-packed array occupying 32e
sites of the space group Fd3m; Li ions occupy 8a sites
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(one-eighth of the tetrahedral sites), and co-occupy 164 sites
(half of the octahedral sites) with Mn ions. Experimentally,
however, we found the oxidation state of manganese to be
somewhat lower than 4.0, since it is very difficult to elimin-
ate the presence of Mn*®" in the Li;Mn;sO,, samples, which
can be better expressed as LiuMns;O;,_; (0 < < 0.25).
The distribution of Li ions, which determines the perfor-
mance of the electrode, is also difficult to determine because
Liis a very weak X-ray scatterer.

In this study, we have focused on the confirmation of the
cation distribution and structural changes caused by the
presence of Mn>*. Since the spinel Li,MnsO;, can only be
prepared in powder form, the structural information is best
obtained using profile refinement methods. Here we use
the well-established Rietveld method (12) to analyze both
the X-ray and neutron powder diffraction profiles of
LiyMn;O,, prepared at various temperatures. Our struc-
tural results agree with those previously reported, but
are more quantitative. The formation of spinel
Li[Li,Mn,_,.]O, at elevated temperature is elucidated.

2. EXPERIMENTAL

Synthesis of LizMns0;,. Pure (99.9%) LiOAc-2H,0
and Mn(NOs), - 6H,0 (from WAKO Pure Chemical Indus-
tries, Ltd.) were used as 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 O,, thereby converting the eutectic
solution to a solid Li—Mn—O precursor. Powder samples
were obtained by heating the ground precursor at temper-
atures ranging from 400°C to 900°C for 1-3 days. All sam-
ples were heated at a rate of 100°C/hr and slowly cooled to
room temperature in the furnace (about 7 hr) with 200
ml/min of flowing O,. Details of the preparation process are
described in our previous report (6). Samples heated at
700°C for 1 day and 500°C for 2 days are designated as
700-1D and 500-2D, respectively.

X-ray diffraction. X-ray powder diffraction measure-
ments were conducted at room temperature on a Rigaku
RAX-I X-ray diffractometer with CuKo radiation mono-
chromated by a graphite single crystal at 40 kV, 30 mA.
Data were collected between 20 = 15°-120° with a step
interval of 0.03.

Neutron diffraction. Neutron-diffraction data were col-
lected using the HB4 high-resolution powder diffractometer
at the High-Flux Isotope Reactor equipped with a Ge (115)
monochromator at Oak Ridge National Laboratory
(ORNL). The neutron wavelength was found to be
1.4180(2) A on the basis of unit cell refinements for a silicon
standard. Each sample (4.5 g) was placed in a spinning
vanadium can (1 cm i.d. by 6 cm) at 295 K, for data collec-
tion over the 260 range 11°-135° in steps of 0.05°.

The structural refinements were carried out with the
Rietveld refinement program RIETAN-94 (13) on a Power
Macintosh 8100/100AV. The mean oxidation number of
manganese (Zyy,) in the sample was determined from the
active oxygen content which was measured by the standard
volumetric method (14) of KMnO, titration.

3. RESULTS AND DISCUSSION

3.1. Structural Refinement of LizMnsO1, by the Rietveld
Method

Refinements were initiated in the space group Fd3m using
the initial structural model with atomic coordinates from
our previous X-ray diffraction study of Li;MnsO,. The
following neutron scattering lengths were used: b;; =
—0.1900 x 107 **m, by, = —03730x 10" *m, bo=
0.5803 x 10~ '*m. The simultaneous refinement was carried
out on two crystalline phases: Li,MnsO;, (space group
Fd3m, No. 227) and Li,MnO; (C/2m, No. 12). The crystal-
lographic parameters of Li,MnOj; were adopted from
Strobel and Andron (15). Only the scale factor and cell
parameters of Li,MnO; were refined because of its small
content (< 5%). It was confirmed that the simultaneous
refinement improves the “goodness of fit” indicator, S, and
results in smaller R factors for both X-ray and neutron
profiles. In addition, small diffraction peaks from Li,MnO;
as indicated by arrows in Fig. 1 appeared in both neutron
and X-ray diffraction profiles. To obtain better consistency
between the X-ray and neutron diffraction data, several
constraints were imposed in the final refinements. The site
occupancy of the octahedrally coordinated manganese ions
in the 16d sites was finally refined based on the X-ray
diffraction data because manganese is more sensitive to
X-ray, while the occupancy of Li in the 8a sites and oxygen
in the 32e sites and overall isotropic thermal parameters
were determined using the neutron diffraction data. We
could not perform the combined X-ray and neutron Riet-
veld refinement using RIETAN-94. By introducing the con-
straints to the refinement of X-ray and neutron diffraction
profiles separately, and repeating the refinements step by
step, we were able to match both the neutron and X-ray
powder diffraction patterns with very similar structural
parameters. The final observed, calculated, and difference
profiles are shown in Fig. 1 and the refined lattice para-
meter, atomic coordinates, thermal parameters, and inter-
atomic distances for Li;MnsO;, (sample 700-1D) are listed
in Tables 1 and 2.

The site occupancies confirmed that the ion distri-
bution is very close to the ideal arrangement, (Li)g,
[Li;;3sMns;3]16404 (16). The occupation of the interstitial
16¢ sites by Li and the 8a sites by Mn are ruled out.
Allowing variation of the oxygen site occupancy results in
a value of 1.0 within the standard deviation, which indicates
that the oxygen is very nearly stoichiometric in this sample.
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FIG. 1.

Rietveld refinement profiles for the Li;Mn;sO,, sample prepared at 700°C. Observed (dots) and calculated (solid line) intensities are shown at

the top, and the difference of the observed and calculated intensities (AI) are shown at the bottom. The tick marks below the pattern indicate the positions
of all possible Bragg reflections from Li;MnsO;, (upper) and Li,MnOj; (lower). R factors as defined in (12) are given for reference.

Instead, the occupancy of manganese in the 16d sites, gy, 1S
found to be 0.84, with an estimated standard deviation
(e.s.d.) of 0.02. The value of gy, is a little higher than, but in
good agreement with, the 0.833 value of the ideal arrange-
ment (Li)g,[Lij;3Mns;3]16404, in which 0.333 Li ions are
required to compensate for the imbalance in charge in the
16d sites assuming all the manganese ions are in the 4+
state. From the electroneutrality point of view, a higher
value of gy, indicates the presence of Mn** ions. As a result,

TABLE 1
Structural Parameters of Li,Mn;O,, Prepared from LiOAc
and Mn(NO;), at 700°C under Flowing Oxygen

Space group: Fd3m, No.227 a® = 8.1594(3) A, a° = 8.1596(2) A

Atom Site xX=y=z g B (A?)
Li(l) 8a 0.0 1.00(5F 1.0 (2
Li(2)" 16d 0.625 0.16 — B(Mn)
Mn 16d 0.625 0.84(2) 0.40(5)
b
o e 0.3878(3) 1.002)¢ 0.80(4)
0.3880(1)°

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

“Constrains on occupancies g(Mn) + g(Li(2)) = 1 and isotropic thermal
parameters B(Li(2)) = B(Mn) were applied.

b Parameters refined using the X-ray diffraction data.

¢ Parameters refined using the neutron diffraction data.

the precipitation of Li,MnQO; appears to consume the
excess Li ions. The refined lattice parameter and oxygen
parameter (the fractional coordinate of oxygen) of
Li,MnsO,, are 8.1594(3)A, 0.3878(3), and 8.1596(2) A,
0.3880(1) from X-ray and neutron diffraction data, respecti-
vely. They are identical within the experimental errors.
Good consistency in the interatomic distance for
LiuMnsO,, was also obtained from X-ray and neutron
diffraction data as shown in Table 2.

3.2. Structural Changes of LizMnsO 1, with Synthesis
Temperatures

Analogous refinement of the data for a sample prepared
at low temperature resulted in similar crystallographic

TABLE 2

Interatomic Distances in Li,MnsO,, at 295 K
Bond X-ray Neutron
Lil-O 1.9481(47) x 4 1.9506(14) x 4
Mn(Li2)-O 1.9406(24) x 6 1.9395(7) x 6
Lil-Mn(Li2) 3.3827(1) 3.3828(1)
Lil-Lil 3.5331(1) 3.5332(1)
Mn-Mn 2.8848(1) 2.8849(1)

Note. Numbers in parentheses are the estimated standard errors.
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FIG. 2. Rietveld refinement profiles for the Li;MnsO;, sample prepared at S00°C. See legend of Fig. 1 for the descriptions of the data.

parameters. Figure 2 and Table 3 show the Rietveld refine-
ment plot and the structural parameters for the Li,MnsO,
sample prepared at 500°C (500-2D). The diffraction peaks
were broader than those of the 700-1D sample, therefore
overlapping the reflections from the minor phase Li,MnO3.
The amount of Li,MnOj3 was found to be less than 2 wt%.
The peak intensity of the sample 500-2D was much lower
than that of the 700-1D sample, indicating the lower crystal-
linity of the spinel Li,MnsO;,. The crystallographic para-

TABLE 3
Structural Parameters of Li,Mn;0O,, Prepared from LiOAc
and Mn(INO;), at 500°C under Flowing Oxygen

Space group: Fd3m, No.227 a® = 8.1407(6) A, a° = 8.1400(10) A

Atom Site xX=y=z g B(A?)

Li(1) 8a 0.0 1.0 1.0

Li(2)" 16d 0.625 0.17 = B(Mn)

Mn 16d 0.625 0.83(1)° 0.37(50
0.3873(3)" .

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

“Constrains on occupancies g(Mn) + g(Li(2)) = 1 and isotropic thermal
parameters B(Li(2)) = B(Mn) were applied.

b Parameters refined using the X-ray diffraction data.

¢ Parameters refined using the neutron diffraction data.

meters for this sample are almost identical to that of the
sample 700-1D, except for the lattice parameter a =
8.1405(10) A. This indicates about 0.7% contraction in vol-
ume of the unit cell from the sample prepared at 700°C. The
refined site occupancy of manganese in the 16d sites, gy, 1S
0.83 + 0.01 which is identical to 0.833 of the ideal arrange-
ment, indicating that the oxidation state of manganese in
this sample is very close to 4+ .

To better understand the changes in lattice parameter, the
bond length of Li—O and Mn—O, and the oxygen parameter,
u, with the synthesis temperature, analogous refinements of
the X-ray diffraction data for all samples prepared at tem-
peratures in the range 400 to 900°C were performed, and the
results are plotted in Fig. 3. For simplicity, the Mn—O bond
represents the bond between oxygen and the cations in
octahedral sites (Mn and Li ions that occupy 164 sites). The
oxygen parameter slightly increased with synthesis temper-
ature from 0.3872(3) to 0.3886(3). These numbers are much
larger than the ideal value for spinel structure, 0.375, which
implies that Li-O tetrahedra are larger than the Mn-O
octahedra. The change in the bond length of Mn—O with
synthesis temperature is rather small, whereas the Li-O
bond is likely to be more ionic than the Mn—O bond and
thus expands more readily with temperature (16, 17).

Refinement of the manganese site occupancy factor re-
vealed that gy, increased with synthesis temperature. The
refined gy, for spinel Li-Mn—O and the portion of precipi-
tated Li,MnOQOj; in the final products are plotted in Fig. 4
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for the spinel Li-Mn-O.

against the synthesis temperature, along with the lattice
parameter. As synthesis temperature was raised to 900°C,
the site occupancy gy, reached 1.0, which indicates a change
in the composition of the spinel phase. Since no evidence for
oxygen deficiency in the 32e sites was found in these refine-
ments, the spinel phase should be stoichiometric with
a composition, lying on the tie line between Li,MnsO,, and
LiMn,0O, in the Li-Mn-O diagram (2,3), which can be
simply expressed as Li;; Mn,_ O, (1/3 < x <0). In this
case, the increase in gy, from 0.83 to 1.0 corresponds to
a composition transition of the spinel phase from
LisMnsO{, to LiMn,O,, whereby the manganese oxida-
tion state decreases from 4.0 to 3.5, and the molar ratio of
Li/Mn in the spinel phase decreases from 0.8 to 0.5. The
increase in the lattice parameter with synthesis temperature,
therefore, can be easily ascribed to the presence of larger
Mn*" ions in the samples prepared at elevated temper-
atures. The effective ion radii of octahedrally coordinated
Mn** and Mn*" are 0.645 (in high-spin state) and 0.56 A,
respectively (18). The precipitation of Li,MnO3, thus, oc-
curs to consume the excess Li.
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spinel Li-Mn-O.

The composition transition of the spinel from

LiuMnsO,, to LiMn,O,, thus, can be expressed as:

>700°C in O,

LiuMnsO;, aLi[Liy/3-sMns;345]04

+ BLi;MnO; + £0,1. [1]

Based on Eq. [1] and the point of view of electroneutrality,
we deduced that gy, = (5 + 39)/6, the mean oxidation
state of manganese in the final products consisted of
o Li[Lij;3-sMns;345]104 + fLi,MnO;, Zy, = (40 4 420)/
(10 4+ 156), and the portion of Li,MnO; (mol%) = 96/
(36 + 2). To verify the reaction of Eq. [1], the mean oxida-
tion number of manganese (Zy;,) in the samples synthesized
at temperatures between 400 and 900°C was determined
from the active oxygen content which was measured using
the standard volumetric method of KMnO, titration. The
measured Zy,, refined gy,, and the weight portion of
Li,MnOj; (wt%) for these samples are plotted in Fig. 5 as
a function of ¢ in Li[Li;;3-sMns;34,]04, along with their
calculated values based on the relations mentioned above.
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between 400 and 900°C.

Despite the insufficiency of the experimental data, good
consistency is obtained in the trend of the changes of gy,
Li,MnOj; (wt%), and Zyy,, with ¢ in Li[Li; ;3 sMns;34,5]0,.
Consequently, the composition of the spinel phase changes
as the synthesis temperature is raised above 700°C, and it
proceeds along the reaction of Eq. [1]. The value of § in
Li[Liy;3-sMns;345]04 changes from O to 1/3 when the
synthesis temperature varies from 400 to 900°C. It is worth
noting that the whole heating/cooling process for these sam-
ples proceeded rather slowly with 200 ml/min flow of pure
O,. The atmosphere has a significant effect on the final pro-
ducts; a complete decomposition of Li,Mn5sO, to LiMn,O,
+ Li,MnO; occurs at 580°C in nitrogen (7) but at temper-
atures above 900°C in oxygen. For verification, the data of
Zrin> &vin»> and Li,MnO5 (wt%) for Liy;MnsO4, reheated at
580°C in nitrogen were also plotted in Fig. 5; these data
points correspond to 6 = 0.32, which indicates a full de-
composition of LizMnsO;, to 2LiMn,0, + Li,MnOs;.

Further verification of the formation of the pure phase
spinel Li[Li;;3-;Mns;345]04 or Li[Li\Mn,_,]O, (x =
1/3 — 0), is currently being done by varying the molar ratio
Li/Mn in the starting materials. A good consistency in the
Zyn> the gy, and the ratio Li/Mn in the final products is
obtained. Details of the crystal structure and the thermal
stability of the spinel Li[Li,Mn,_,]O, will be described
separately.

4. CONCLUSION

Well-crystallized Li;MnsO;, has been prepared from the
eutectic of LiOAc and Mn(NO3), under flowing oxygen.

Rietveld refinement of X-ray and neutron powder diffrac-
tion data indicated that Li;zMnsO, possesses a cubic spinel
structure in which lithium ions occupy both the tetrahedral
sites 8a and part of the octahedral sites 16d, but not the 16¢
sites, while all the manganese ions occupy the 164 sites of the
space group Fd3m. The lattice parameter was found to be
sensitive to synthesis temperature as a result of the varia-
tion in manganese valence. The formation of the spinel
Li[Li;Mn, _ . ]JO,, in which x decreased from 1/3 to 0 as the
synthesis temperature increased from 700 to 900°C, owing
to the transition from Mn** to Mn®* of a portion of the
manganese ions, is elucidated with the concomitant forma-
tion of the minor phase Li,MnO;.
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