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The crystal structure, thermal stability and electrochemical property of LiNijpMnp0; and
Lip;sNi;sMny50, with layered rock-salt type structures have been investigated. LiNi;»,Mn;»0, was pre-
pared by a co-precipitation of Ni-Mn mixed hydroxides and the subsequent solid state reaction with LiOH.
Liy3Ni;sMny 30, was prepared by an ion exchange reaction of NaysNiysMnys0,. LiNiy,Mny ,0; adopts an
O3-type stacking in which a + 3 X ¥ 3 superlattice is formed due to the cationic ordering.
LiysNi; sMn,30, adopts a T2-type stacking and forma + 3X 43 superlattice due to the cationic ordering.
However, electron diffraction patterns of LiysNi;3sMn,;30, show additional superlattice spots indicating the
vacancy ordering in the tetrabedral Li layers. The thermal stability and the electrochemical properties are

discussed based on the structural properties.

1. Introctuction

In recent years, Li-Ni-Mn-O compounds with layered
rock-salt type structures have been proposed as possible
alternatives to LiCoQ, widely used in current Li-ion
batteries. Above all, LiNi;»,Mn;;0; is one of the most
possible candidates [1]. This structure is called O3 since
the alkali cation (Li") is located in octahedral sites and
the unit cell consists of three MO, sheets (MO, = transi-
tion metals) [2]. A Li defect phase with an O2 based
structure, LiysNijsMnys0,, is also reported [3]. Al-
though the atomic arrangement of Ni and Mn atoms in
these phases has been investigated in several studies, it
is still controversial {4-6]. Also the microscopic struc-
tures, such as the stacking disorder, have not been well
characterized.

‘We have synthesized these compounds and character-
ized by using powder X-ray diffraction, transmission
electron microscopy (TEM), and electrochemical meas-
urements. Particularly the microscopic structures of
these compounds have been investigated comparatively
by using the TEM both in the plane and along the stack-
ing direction. Also the thermal stabilities of the structure
have been compared.

2.Experimental

LiNi;;Mn; 0, was prepared by heating the mixtures
of lithium hydroxide and nickel-manganese mixed hy-
droxide.  LiysNij3Mny;30, was  prepared  from
Nay3Niy3Mn,30, by ion exchanging sodium for lithium
in molten LiNO; at 280 C  for 12h. The
N32/3Ni1/3M112/302 was prepared from Mn,0,, NI(OH)z,
and Na,CO;. Solid-state reaction was performed in air at
900°C for 1week.

Samples were identified and characterized by powder
X-ray diffraction method. For TEM observations, sam-
ples were dispersed in ethanol by applying the ultrasonic
wave and were collected on a holly micro grid supported
on a copper grid mesh. A field emission type TEM
(JEOL JEM2010F) operated at 200kV was used for the
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observations. The thermal behavior of samples was ex-
amined using a TG (TG6300, Seiko Instruments) in air
up 10 1000°C at a rate of 10°C- min™,

Electrochemical properties were examined with
CR2032 type coin cells. The cell was comprised of a
cathode and lithium metal anode separated by a poly-
propylene separator and glass fiber mat. The cathode
consisted of 25mg of Li-Ni-Mn-O powders and 12mg
conducting binder pressed on a stainless screen. The
electrolyte solution was 1M LiPF¢/EC and DMC. The
EC and DMC were mixed in a 1:2 volume ratio. The cell
was charged and discharged in the voltage range of
2.5-4.5V at a current density of 0.1mA cm™at 23C.

3. Results and discussion

3.1 XRD study

Powder X-ray diffraction patterns of Liy3Ni; sMn,30,
and LiNi;;,Mn;;,0, are shown in Fig. 1. They are char-
acteristic of the layered rock-salt type structure. How-
ever, the layer stacking is somewhat different. The
XRD pattern of LiNi;;Mn;,0, can be indexed by as-
suming 03 stacking with the space group symmetry of
R3m ( @ -NaFeO, type structure). The lattice parameters
in the hexagonal setting are a=2.89A and c=14.31A.
The Rietveld refinement based on the R3m space group
indicates that the 10% of Li sites are occupied by Ni
atoms [7]. The XRD pattern of Liy;3NijsMny30, can
be indexed by assuming a orthorhombic cell with the
space group symmetry of Cmca [8], in which the layers
are stacked in the T2 mode and the Ni and Mn atoms are
ordered to form an in-plane [ 3X+ 3]R30° type su-
perlattice. The lattice parameters are a=8.579 A,
b=4.953A and c=10.05A. The diffraction peaks of this
phase are rather broader than those of LiNi;pMn»0,
except for the main 002 reflection, suggesting the stack-
ing disorder. 1t is to be noted that Ni and Mn atoms are
divalent and tetravalent, respectively, according to the
literatures [3,4,9].
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Figure 1. X-ray diffraction patterns of (a) Li,;Ni;sMn,;0,, and (b) LiNi;,Mn,,0,. The inset shows an enlarge-
ment in the rage 2 § =15-25°. The weak extra reflections in this range are indicative of the superlattice forma-
tion.

Figare 2. Electron diffraction patterns of (1)
LiysNisMny,0,, and (b) LiNi;,Mn,,0,. The diffraction
spots have been indexed assuming the orthothomic Cmca
structure for (a) and the R3m structure in hexagonal setting
for (b). The extra spots due to the in plane [/ 3 X4
3IR30°  superlattice are marked by arrows. Those marked
by asterisks suggest the vacancy ordering in the Li layer.
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Figure 3. Lattice image of (a) Li,sNi;,Mn,,0,, and (b)
LiNi;,Mn;,0, viewing along (2) [110] and (b) [11.0].
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3.2 TEM study
Figures 2 (a) and (b) show an [001] zone electron
diffraction  pattern (EDP) of  orthorhombic

LiysNiysMny30, and a [I11.0] zome EDP of
thombo-hexagonal LiNi,,Mn;,0,, respectively. Both
EDPs show extra spots, as marked by arrows in the fig-
ures, indicating a [V 3X+/ 3]R30° superlattice in the
basal plane [10]. Extra spots in the EDP of
Liy3NijsMn,30, are more intense than those of
LiNi;,Mn,,0,. The regular [/ 3X+/ 3]R30° super-
lattice corresponds to the 1:2 atomic ratio of Ni and Mn.
The weakness of superlattice spots for LiNi; ,Mn,,0, is
well ascribed to the small order parameter due to the
off-stoichiometry in the Ni/Mn atomic ratio. The lattice
images corresponding to the [ V3xdy 3]R30 °
superlattice did not show so much difference between
Liz/g,Ni] ,3Mn2/302 and LlNil ,2Mn1 /202 .

The EDP of Li,;Ni;sMny30, shows weak extra spots
marked by asterisks in addition to the superlattice spots
due to the [v 3X+ 3]R30° ordering. Because of the
multiple twining, the EDP is rather complex. The de-
tailed analysis revealed that the extra spots appear at the
forbidden reciprocal lattice points of Cmca lattice with-
out any multiplicity of unit cell. The appearance of these
spots indicates that the actmal symmetry of
Li,y;3Ni;sMn,30, is not C-centered. These spots often
disappeared after the long electron beam irradiation
probably because of the beam heating. The one of the
possible origin of these weak extra spots may be the
vacancy ordering in the Li layers. The ordering of the
Li vacancies in the deintercalated LiNiO, and has been
reported to be 2X2 type one for the compositional range
of 0.5<x<0.75 in LixNiO, [11]. However, no vacancy
order was reported for LixCoO,. The difference in the
vacancy ordered structure depending on the transition
metal elements is interesting. The structural details for
the Li-vacancy ordering are under investigation.

As shown in Fig. 3(b), the layer stacking of
LiNi; »,Mn;»0, viewed along the [11.0] direction of
thombo-hexagonal R3m lattice is almost regular, al-
though some twining is observed. On the other hand, the
lattice image of Liy3NijsMn,s0, viewed along the
[110] direction of orthorhombic Cmca lattice shows
many stacking faults as shown in Fig. 3(a). The corre-
sponding EDP shows many extra spots due to the multi-

ple twining and also the diffuse streaks along the c* axis.

The origin of the stacking disorder is uncertain at the
present stage. However, the disorder of vacancy order-
ing in Li layers may be one of the origins.

3.3 Thermal stability

Figure 4 shows TG profiles of Li,3Ni;;Mn,y30, and
LiNi; »Mn;,0,. Measurements were carried out in air
stream. Heating and cooling rates were set to be 10C-
min!. The temperature was held at the maximum tem-
perature (1000°C) for 2 hours prior to the cooling.
Li,3Niy;sMn,30, shows much larger weight change than
LiNi;,Mn,;,0,. The TG-profile of Li,;Ni;sMn, 30,
shows the almost reversible gravimetric changes in the
temperature range between 600-800°C. It is well as-
sumed that the weight changes result from the oxygen
release and uptake corresponding to the valence changes
of transitional metals. Assuming that the nickel valence
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Figure 5. Charge and discharge curves of (a)

Li2/3Ni1/3Ml'lz/302, and (b) LiNil/zManz.

is constant, the manganese atoms should be about triva-
lent at 1000 C . The smaller weight change of
LiNi;;,Mn;,0, means the high thermal stability and that
most of the Mn atoms in tetravalent state even at
1000°C.

3.4 Electrochemical measurements

Fig. 5 shows the charge and discharge profiles of (a)
Li2/3Ni1/3Mn2/302 and (b) LiNil/zMnl/ZOZ. Both com-
pounds could deliver a stable capacity of about
180mAh g between 2.5 and 4.5V versus Li. The profile
of Liy3Ni;sMn,;0, reveals two plateaus; an upper pla-
teau appears at around 3.9V, and a lower plateau, near
2.9V with the significant cell polarization.
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Figure 6. Open-circuit voltage (OCV) of (a) the charge
state, and (b) the dischasge state.

The cell polarization is ascribable to the internal resis-
tance resulting from the structural defects as observed in
Fig. 3b. J. M. Paulsen et al. [12] reported that the charg-
ing of Li;sNi(IT);sMn(IV),;0, oxidizes NiZ* to Ni** or
Ni**and that the discharging will reduce Mn** to Mn**.
They also reported that the initial T2 phase transforms to
the O2 phase in the initial state of charging. On the other
hand, LiNi,,Mn,,0, shows no plateau near 2.9V corre-
sponding to the reduction from Mn** to Mn>*. Electro-
chemical measurements indicate that the Mn atoms in
Liy3Ni;sMny30, tend to be more reducible than those in
LiNi;;Mn,,0,. The stability of tetravalent Mn in
LiNi;,Mn,,0, is consistent with the results of thermal
analysis shown in Fig, 4.

Fig. 6 shows the open-circuit voltage (OCV) plots of
(a) Li2/3Ni1,3Mn2/302 and (b) LiNil/zMﬂla()z. They Were
obtained from the intermittent charge and discharge
measurements. The applied intermittent mode was 1h on
and 12h off at a rate of 0.1mA cm™. There was no sig-
nificant difference in the OCV between LiNij;,;Mn,,0,
and Li2/3Ni1/3Mn2/302. The Slmllal'lty of OCV curves
means that the band structures are not so different.

4. Conclusion

LiNimManz and Li2/3Ni1/3Mn2/302 were Synthe-
sized and characterized using XRD, TEM and electro-
chemical measurements. Both compounds have layered
rock-salt type fundamental lattices, O3 and T2 structures,
respectively. Electron diffraction patterns of two com-

pounds show superlattice spots indicating [+ 3 X A
3]R30° cationic ordering in the basal triangular lattice.
Their intensities for LiNi;,Mn;,0, are smaller than
those for LiysNijsMn, 30, probably because the
off-stoichiometery. In the case of LiysNijsMnys0;,
extra spots indicating a periodic compositional modula-
tion in the Li layers were firstly observed. EDPs and
TEM images of Li;;Niy3Mn, 30, revealed many defects
in the layer stacking in contrast to the almost regular
stacking in the LiNijpMn,,0,. The suppression of
structural defects and the control of Ni/Mn and
Li/vacancy ordering should lead to the excellent elec-
trochemical performance of Li;;3Ni;sMn,;30,. Electro-
chemical measurements reveal the similar OCV for both
compounds, suggesting a similarity in the electronic
band structure.
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