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LiNi, , Mg Mn, 0, (0.0=x=0.1) and LiNi,, Mg Co,  Mn, 0, (0.0=x=1/3) solid solutions have
been synthesized and their crystal structures have been investigated. Both systems adopt a-NaFeQ,-type

layered rock-salt structure. Powder x-ray diffraction (XRD) patterns of LiNi, , Mg Mn, ,0, show fairly

sharp (1/3,1/3, L) superlattice reflections (L=0,1,2,3) indicating an in-plane [V 3%+ 3] R30°-type
ordering and the almost regular layer stacking with some staking faults. The XRD patterns of
LiNi1/3_ngxC01/3Mn1/302 do not show the sharp superlattice peaks, but show diffuse scatterings with a
intensity maximum at around 26 = 21° corresponding to the (1/3,1/3,0) superlattice reflection of an
in-plane [v 3X4 3] R30°-type ordering. Electron diffraction patterns also indicate that the [v 3XV 3]
R30°-type ordered layers are stacked almost randomly in LiNi MgXC01/3Mn (o)

1/3-x 1372
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1. Introduction Li;MgMn;0; with the spinel structures show the same
Recently, compounds in the Li-Ni-Mn-O and cationic ordering in the B-sublattice. Then we have tried
Li-Ni-Co-Mn-O systems have been proposed as possible to prepare the solid solutions in the pseudo-binary
alternatives to LiCoQ, widely used in current Li-ion LiNij < MgMn;,0, and  LiNi;,Mg,Coy3Mn,; 30,
batteries [1-3]. LiNi;,Mn;,0, and systems prepared in order to increase the difference in
LiNi;;3Co;3Mny 30, are the most possible candidates atomic scaftering factors among cations and
(4,5]. The remarkable properties of these materials are characterized them by using powder a XRD and an
related to the valence state of transition metals; 2+, 3+, electron diffraction (ED).
and 4+ for Ni, Co, and Mn, respectively [6,7]. Both
compounds have been confirmed to adopt layered 2.Experimental
rock-salt type structures based on a-NaFeO, type one
with a space group symmetry of R3m. Some Samples  with  nominal  composition  of
superstructure models for the cationic ordering in the LiNi, » Mg,Mn,,0, (x=0.0, 0.05, 0.1, 0.2, and 0.3) and
a-NaFeO, type structure have been reported [8-10]. For LiNiy3,Mg,Co13Mn;50, (x=0.0, 0.05, 0.1, 0.2, and 1/3)
LiNi;,Mny,0,, G. Ceder et al. have proposed a [2V 3X s.an}plcs were grepared by }.1€ating the mlxtures_ of
24/ 3)-type ordering in the transition metal layers based lithium hydroxide and mixed metal ~hydroxide.
on the Li-NMR measurements [8]. On the other hand, T. Calcinations were made for 12h in air stream at 1000°C
Ohzuku et al. have proposed a [ 3Xv 3] R30°-type for LiNi;,,Mg,Mn;;0, and at 900 T for
cationic ordering for LiNi;zCoysMn;;;0; with a space L1N11/3-ng§C°1/3Mn1/302' Excess lithium hydmx1de
group symmetry of P3,12 [9,10]. No strong evidence was added in an attempt to compensate for Li loss b_);
has been reported for both superstructures and the volatilization. The heating and cooling rate of 100C h
cationic arrangements in these phases are still was apphed for all temperature settings. Samples were
controversial, One of the reasons why the structures and identified and characterized by powder XRD and ED.
the cationic distribution have not confirmed adequately For ED measurements, samples were dispersed in
is the similarity of x-ray atomic scattering factors among ethanol by applying the ultrasonic wave and were
Ni, Co, and Mn. collected on a holly micro grid supported on a copper
The Mg-substitution for Ni in LiNi;,Mn,,0, and grid mesh. A field emission type TEM (JEOL
LiNi;3C0,3Mn, 0, is interesting in the above context. JEM2010F) operated at 200kV was used. The chemical
The x-ray atomic scattering factor of Mg is much composition, and the average oxidation state of
smaller than that of transition metals. If LiMg, ,Mn; 5,0, transition metals were determined by ICP-AES, and
and LiMg;3Co;sMn;30, can be synthesized, their iodometric titration, respectively [11]. The chemical
cationic orderings may be easily characterized by - compositions of all samples measured by ICP-AES were
normal powder XRD and they must show some - almost identical to the expected.

resemblances to those in LiNijp,Mn;,0, and
LiNil /3 Co 1, /3Mn1 /302. In fact, U2NiMn3O 3 and
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3. Results and discussion

3.1 LiNi,  ,Mg,Mn, ,0,

Powder XRD patterns of LiNij». Mg,Mn;,0, are
shown in Fig. 1. They are characteristic of a layered
rock-salt type structure. However, several peaks of
impurity phase tend to appear for x = 0.2 and 0.3, as
marked by arrows. Therefore, Mg atoms are soluble up
to x=0.1 in the LiNi;;, ,MgMn,,0, system. At the
present stage, the impurity phases are unknown. As
shown in Fig. 2, parameters, a and c in the hexagonal
setting increase monotonically as a function of Mg
substitution. Fig. 3 shows enlarged XRD pattern for
single phase samples with x=0, 0.05, and 0.10, of which
ordinate shows logarithmic intensity. They show weak
but fairly sharp superlattice peaks, which can be indexed
as (1/3, 1/3, L) reflections with L= 0, 1, 2, and 3 based
on the a-NaFeO,-type R3m lattice in the hexagonal
setting. These peaks indicate a [/ 3X+ 3] R30°type
cationic ordering similar to the one in Li,MnO;
(monoclinic C2/m, [12]). ED patterns also showed
superlattice spots indicating a [v 3 X+ 3] R30°-type
ordering.

Even in the case of the sample with x=0.0, the XRD
pattern shows very weak superlattice peaks at the similar
positions and the intensity of superlattice peaks
increases with x increasing. Therefore the superstructure
is probably due to the ordering of divalent (Mg, Ni) and
tetra-valent (Mn) atoms. The peak width and peak shape
suggest some stacking disorder in the superlattice. The
detailed structural characterizations by using Rietveld
method and lattice image observations are in progress
for the sample with x=0.10.
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Figure 1. XRD patterns of LiNiy»..MgMn,,;0:

samples prepared at 1000°C for 12h in air stream.
(a) x=0.0, (b) x=0.05, (c) x=0.1, (d) x=0.2, and (c)
x=0.3

~ 14312
o

2.900
2.898r 9
2.896r- e
2.894+ g
2.892+
2.890[¥ . . .
14.320F .

14316} /

alA

14.308} ,

14.304 . : \ 1 , )

0.00 0.10 0.20 0.30
X in LiNi;; ,Mg,Mn,,0,

Figure 2. Lattice parameters of @ -NaFeO: type
phase for LiNii».,MgMn;,20; prepared at 1000C
for 12h in air stream.
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Figure 3. Enlarged XRD patterns of single phase
LiNi]/z.nganl/zOZ With'(a) X=0.0, (b) X=0.05,
and (c) x=0.1. The ordinate shows the logarithmic
intensity.

32 LiNil B_ngxCOI/:;Mnl/:;Oz

XRD patterns in Fig. 4 indicate that all of the samples
in the LiNi1/3C01/3Mn1/302 - Lng1,3C01/3Mn1/302 solid
solution system adopt a-NaFeO, type structure. No
peaks of impurity phases were detected. The lattice
parameters in the hexagonal setting are plotted in Fig. 5
as a function of the Mg composition x. With increasing
Mg composition, the a-axis length decreases
monotonically and oppositely the c-axis length increases.
Fig. 6 shows the average valence of transition metals
measured by an iodometric titration. Experimental
valences agree with the calculated omes from the
composition. The complete solid solutions are obtained
in the LiNi, 5 \Mg,Co;sMn; 30, system.
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Figare 4. XRD  patterns of LiNiis. Mg,-
Coy3sMn; 30, samples prepared at 900°C for 12h
in air stream,

(a) x=0.0, (b) x=0.05, (c) x=0.1, (d) x=0.2, and (e)
x=1/3
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Figure 6. The average valence of transition
metals for LiNiy;;.«MgyCo13Mny30, samples.
The dotted line indicates the calculated value
from the composition.

However, no sharp superlattice reflections indicating
[/ 3XV 3] R30°type ordering as expected from the
P3;12 model structure proposed by Ohzuku et al. was
observed. Figure 7 shows XRD vpatterns carefully
measured using a sample folder made of quartz single
crystal, to avoid the background intensity from sample
holder. The XRD pattern of LiMg;;3Co;3Mny 30, shows
fairly intense diffuse scattering in the 20 range from 18
to 25°. The intensity of the diffuse scattering decreases
with decreasing the Mg composition. TEM observations
indicated that the diffuse scattering was not caused by
the amorphous component but was originated from the
two dimensional cationic ordering,

Figure 8 shows [00.1] and [11.0] zone ED patterns
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Figure 5. Lattice parameters of LiNijyz.Mg,-
Coy;sMny;30, prepared at 900°C for 12h in air
stream.
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Figure 7. XRD  patterns of LiNiys Mg,
Coy/3Mny30; samples prepared at 900°C for 12h
in air stream.

(a) x=0.0, (b) x=0.05, (c) x=0.1, (d) x=0.2, and
(e) x=1/3 )

(EDPs) of two end-members, LiMg;3Co;3Mn;50, and
LiNi;5Coy3Mn;30,. The indexes are in the hexagonal
setting. No amorphous component was observed during
TEM observation, The [00.1] zone EDPs show the extra
spots due to the [+ 3X4 3]R30°-type ordering in the
transition metal layers. Extra spots in the EDP of
LiMg,5Co3Mn; 30, are more intense than those of
LiNiy3Coy;3Mny30,. The smaller electron scattering
factor of Mg compared with transition metals has
enhanced the intensity of superlattice spots. The {11.0]
zone EDPs show the diffuse streaks along the c* axis,
indicating the severe stacking disorder of a [ 3X+/ 3]
R30°-type ordered transition metal layers.
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The positions of diffuse streaks in the reciprocal
c*-plane agree with the extra spots in the observed
[00.1] EDPs. The diffuse scattering in the powder XRD
patterns agree with the two dimensional [v 3X+ 3]
R30°-type ordering observed by ED. The intensity
maximum at around 21° give a d-value of 4.2A, which
agree with the lattice spacing d (1/3, 1/3, 0) = (3/2)a =
4.23A. The diffuse and two dimensional nature of the
diffraction patterns indicate that the [V 3 X ¥ 3]
R30°-type ordered transition metal layers are stacked
almost randomly. The formation of the complete
solid-solution suggests a similar structure for
LiNi;;5Co3Mn;50,, although there may exist some
difference in the order parameters.

4. Conclusions

Solid solutions with layered o-NaFeO,-type structure,
LiNil/z_nganl/zoz (0.0 = x = O.l) and
LiNiy3.,Mg,Co1sMny 50, (0.0= x= 0.33), have been
successfully synthesized. In the former system, the Mg
substitution enhances the intensity of the superlattice
reflections due to the [+ 3X+ 3] R30°-type ordering.
However the complete Mg-substitution of Ni was not
attained. In the latter system, the completely
Mg-substitated sample, LiMg;;3C0:5Mny30, was
obtained. Powder XRD pattern of Lng1/3C01/3Mn1/302
shows a broad and diffuse peak at around the
superlattice reflections expected for the [v 3 XV 3]
R30°-type ordering. ED patterns also show the diffuse
streaks along the reciprocal c*-axis. The positions of the
diffuse streaks in the reciprocal c*-plane agree with the
the [V 3X+ 3] R30°-type ordering. The ordering in
LiMg;5Co13Mn; 40, is two - dimensional probably
because of the stacking disorder, similarly to the
turbo-static structure of graphite [13]. The detailed
structural characterizations by using powder XRD and
high resolution TEM lattice image observations are in
progress,

Figure 8, [00.1] zone and [17.0] zone ED patterns
of LiMg, ,Co, Mn, 0, (a, b) and LiNi, ,Co, ,Mn, .0,
(c, d). The diffraction spots have been indexed

assuming the R3m structure in hexagonal setting.
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