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ABSTRACT

The synthesis and characterization of LiAl, ,Niy,O, were carried out in order to improve the electrochemical properties
of LiNiOQ, for lithium ion batteries. Single phase of LiAl, ,Ni;,0, (R3m; ¢ =2.86 A and c = 14.24 A in hexagonal setting) was
obtained by heating a reaction mixture of LiNO;, NiCO;, and Al(OH), at 750°C under an oxygen stream for 20 h and
exarmined in nonaqueous lithium cells. LiAl, ,Ni; ,0, was oxidized to O;,Li, ,Al;,Ni;,.0, in the voltage range of 3.5-4.8 V.
X-ray diffraction examinations of Li, ,Al,,Ni;,O, indicated that the reaction

. LiAL,Ni;,0, 2 Oyl uAly,NigO, + (3/4)Li° + (3/4)e”

(ca. 4.75 A of layer separation)

(ca. 4.80 A of layer separation)

proceeded in a single phase over the entire range. The rechargeable capacity was observed to be about 150 mAh - g™ based
on the sample weight. DSC measurements on fully charged LiNiO, and LiAl; ,Ni, 0, at 4.8 V were also done and the effects
of substitution of aluminum for nickel in LiNiO, upon the electrochemical properties were discussed in terms of capacity,

failure, and safety coupled with overcharge.

Lithium nickelate is one of the most attractive materials
for lithium ion (shuttlecock) batteries.!® The reaction
mechanism of LiNiO, is already known to be a topotactic
reaction consisting of three single-phase reactions for
0<x<0.75 in Li, ,NiO, (a rhombohedral phase for
0 <x 0.25, a monoclinic phase for 0.25 <x<0.55, and a
rhombohedral phase for 0.55 <x < 0.75) and a two-phase
reaction for 0.75 < x < 1. During the oxidation of LiNiO,
the interlayer distance between NiO, sheeis expands al-
most continuously from ca. 4.73 A to ca. 4.80 A as x ap-
proaches 0.5 where it levels off until x exceeds 0.75.
Rechargeability in this single-phase region is excellent.>**
However, further oxidation induces ca. 0.3 A shrinkage in
the interlayer distance, so that the rechargeability in the
two-phase region for 0.75 < x < 1 isnot expected to be good.
The shrinkage is associated with the formation of nickel
dioxide (R3m; a = 2.81 A and ¢ = 13.47 A in hexagonal
setting) which is formed above 4.2 V against a lithium elec-
trode.” This is a main reason it is necessary to set the
charge-end voltage slightly below 4.2 V (typically 4.1 V)
when a cycle life more than one thousand is needed.*® Sev-
eral efforts have been done to extend a cycle life, such as the
addition (or substitution) of manganese,” aluminum,**® or
boron'® into lithium nickelate, and the effects of the addi-
tion of these species upon cycleability were described.”"
Safety is another key factor to help decide among candi-
date materials for lithium-ion batteries.**"** LiNiOQ, is sta-
ble even when it is heated with an organic electrolyte.
However, nickel dioxide electrochemically formed from
LiNiQ, is quite active toward organic electrolyte oxidation
and this reaction is exothermic, so that overcharge protec-
tion is necessary to prevent possible thermal runaway in
operating lithium-ion batteries based on LiNiO,.

In order to cope with these problems resulting from the
formation of nickel dioxide we modified LiNiQO, by replac-
ing Ni** ions with Al** ions while retaining the high voltage
characteristic of LiNiO,. The target material, LiAl,,Ni;
40,, is a solid solution of LiNiO, (R3m; ¢ =2.88 A and ¢ =
14.19 A in hexagonal setting) and o-LiAlO, (R3m; a =
2.80 A and ¢ = 14.23 A). We expect the following topotactic
reaction

LiAl, ,Nig,, 0, — gL ALNiy0, + (3/4)Li" + (3/4)e”

where [J denotes the vacant octahedral sites in a cubic-
close packed oxygen array. The fully charged species is
O, L, Al 4Ni;,0, which is expected to be an insulator
having ca. 4.8 A of interlayer distance? if Ni* ions are in
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their low spin states (tig - e} in O, symmetry) and also be
resistive against an electrolyte oxidation.

In this paper we report the synthesis and characteriza-
tion of LiAl,,Ni,,0,, its electrochemical charge and dis-
charge, and the x-ray diffractional measurements for
Li,. Al Niy,0,. We also report the DSC measurements for
the fully charged samples of LiAl,,Ni;,0, and LiNiO, and
discuss the possibility of materials design for advanced
batteries.

Experimental

LiAl,,Ni;,O, was prepared by heating a reaction mix-
ture of LiNO;, NiCO,, and Al(OH), at 750°C under an oxy-
gen stream for 20 h. Preliminary examinations to prepare
single phases of «, B, and y-LiAlO, were done using combi-
nations of Al,O, or Al(OH); and LiOH, Li,CO;, or LiNO; at
several temperatures in air prior to settle the reaction con-
ditions to prepare LiAl,Ni,_,O, as is described in the re-
sults section. LiAl,Ni,_,O, was characterized by XRD us-
ing an x-ray diffractometer (Type XD-3A, Shimadzu Corp.,
Japan) with Cu-K, radiation, equipped with a diffracted
graphite monochromator.

The experimental conditions used to examine the elec-
trochemical behaviors of LiAl,,Ni,,O, were the same as
those described previously.> The cathode mix used was
0.08-0.10 g and consisted of 88 weight percent (w/o)
LiAl,;Ni,,0,, 6 w/o acetylene black, and 6 w/o Teflon
binder, (T-30J, Du Pont-Mitsui Fluorochemicals Co., Ltd.,
Japan). A constant current of 0.5 mA was applied to the
electrode (15 X 20 mm? 0.17 mA - em™?) corresponding to
about 5-6 mA - g* based on the LiAl,,Ni;,0, sample
weight. The electrolyte was 1 M LiClO, dissolved in propy-
lene carbonate (PC) solution containing less than 30 mg -
liter™ water. In fabricating the cells, all materials except
the electrolyte and lithium metal were dried under vacuum
at about 60°C at least 2 h before fabrication to avoid possi-
ble contamination with water. All procedures in fabricat-
ing the cells were done in an argon-filled glove box.

DSC measurements of Li;_ Al Ni;,0, and Li,  NiO,
were done using a differential scanning calorimeter (DSC-
50, Shimadzu Corp.) combined with a thermal analyzer
(TA-50, Shimadzu Corp.). Li;_,Al,;,Ni;,0, and Li;_,NiO,
were prepared electrochemically using a compressed pellet
of LiAl,,Ni,,0, or LiNiO, (forming pressure 10° kg - em™;
11.3 mm diam and ca. 0.6 mm thick). The electrochemical
oxidation of the pellets was performed galvanostatically at
0.17 mA - cm* while monitoring the operating voltage. The
Li, Al ,Niy,0; or Li, ,NiO, sample containing the elec-
trolyte was sealed in an aluminum cell (5.50 mm diam and
ca. 1 mm thick). Twenty milligrams of a-Al,O; in the alu-
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minum cell was used as a reference. Other sets of experi-
mental conditions are given in the results section.

Results

Preparation of LiAlNi;, ,O0,—A single phase of a-
LiAlO, (R3m; a = 2.80 A, ¢ = 14.23 A in hexagonal setting)
was obtained by heating a reaction mixture of AI{OH); and
LiNO, {or Li,COy} at 650°C for 20 h and then at 750°C for
20 h in air. When we used a-Al,O; substituting for A1(OH),,
single phase of a-LiAlQ, was hardly obtained. Any combi-
nation with LiOH did not give a single phase of a~-LiAlO,.
B-LiAlO, (Pna2,; ¢ = 528 A, b =631 A, ¢ = 4.91 A) was
usually contained in the reaction products. Single phase of
B-LiAlO, was obtained by heating Al(OH), (or Al,O;) with
excess LiOH at 500°C for 4 h in air, washing its reaction
product with distilled water, and then heating it at 400°C
in air. At temperatures above 850°C both a-LiAlO, and
B-LiAlO, were canverted into y-LiAlO, (P4,2,2; a = 5.18 A,
¢ = 6.28 A). Since the reaction conditions to prepare a-
LiAlO, were almost the same as those to prepare
LiNiO,,” we intensively examined the conditions to prepare
LiAl,Ni,_, 0O, using a reaction mixture of LiNO;, Al(OH);,
and NiCO;. Figure 1 shows the x-ray diffraction patterns of
LiAl, Ni,_,0,. Miller indexes are given assuming a hexago-
nal lattice. All samples in Fig. 1 were prepared by heating
a reaction mixture of LiNO,, Al{OH),, and NiCO, at 750°C
for 20 h under an oxygen stream. As can be seen in Fig. 1,
a single phase of LiAl Ni, ,0, can be prepared by this
method. By increasing the aluminum content, the (0,0,6)
line shifts toward the lower diffraction angles and con-
versely the (1,1,0) line shifts toward the higher diffraction
angles, which result in a clear split of (0,0,6)(1,0,2) and
(1,0,8)(1,1,0) lines for LiNiO,. Selective line broadening is
observed especially for the (1,1,0) and (1,1,3) lines as the
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Fig. 1. X-ray diffraction patterns of LAl Ni;_,O; (a} y=0, (b) y =
0.1,(c y=0.2, {dl y = 0.3, {e) y= 0.4, and {f) y = 0.5. LAl Ni,_,0,
was prepa heating a reaction mixture of LINIO,, Niéoa, and
AOH); at 750°C for 20 h under an oxygen stream. Miller indexes
were given by assuming a hexagonal lattice.
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Fig. 2. Hexagonal unit cell parameters, a, and q,, as a function of
y in LiALNi;_,O,. The parameters were determined by a least
squares method using 13-15 diffraction lines depending on the num-
ber of well-defined diffraction lines.

aluminum content increases, suggesting a microscopic
stress in the basal plane. For LiAl,,Ni,,0, well-defined
diffraction lines are hardly obtained as seen in Fig. 1 ().
Figure 2 shows the lattice parameters, a, and ¢, as a
function of y in LiAl Ni; O, These parameters were ob-
tained by a least squares method using 10 to 15 diffraction
lines depending on the number of well-defined diffraction
lines for the samples. Substitution of nickel ions in LiNiO,
for aluminum ions results in the a-axis shortening and ¢-
axis enlarging as y increases until y = 1/4, after which the
parameters level off. Consequently, the unit cell volume
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Fig. 3. Hexagonal unit cell volume as a function of y in LAl Nij_,O,.
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Fig. 4. X-ray diffraction patterns of LiNiO, {a, = 2.88 A, ¢, = 14.19
A in hexagonal sefting), LiAl,;4Nis/,0, kwh =286 A, ¢, =14.24 A},
and o-LAIO, (a, = 2.80 A, ¢, = 14.23 A).

decreases from 102 A ®10100.5 A?in 0 <y = 1/4 as shown
in Fig. 3. The lattice parameters for the end members of
LiAl Ni,_,O, are a = 2.88 Aandc =14.19 A (102 Aﬂ3 of unit
cell volume) for LiNiO,vs.a=2.80 Aand c=14.23 A (97 A %)
for a-LiAlO,. The c-axis dimension of LiAl,Ni, ,0O, in
Fig. 2 quickly approaches 14.23 A, or more than that value
as y increases from 0 to 1/4, while the a-axis dimension
follows a straight line from 2.88 A for LiNiO, to 2.80 A for
a-LiAlQ, in the range 0 = y = 1/4. Such an anisotropic
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Fig. 5. First charge and subsequent discharge curves for
LiAl, ;4Nis0, af a rate of 0.17 mA - em ? at 30°C. The cell was
charged at a constant capacity of {a) 25, (b} 50, (<) 100, (d} 125, {e)
150, or {f) 200, or {g) 230 mAh - g based on LiAl, ;,Ni;/;0, sample
weight and then discharged fo 2.5 V. The electrolyte used was 1 M
LiCIO, dissolved in propylene carbonate.
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change in lattice dimensions is characteristics of a layered
structure.

As described above, a single phase of LiALNi, O, (0 =
y = 1/4) can be prepared by heating a reaction mixture of
LiNQ,, Al(OH),;, and NiCO, at 750°C for 20 h under an oxy-
gen stream.

Structural characterization of LiAl;Niy 0, —Our
target material is LiAl,,Ni;,0,, so we characterize it in
more detail. The x-ray diffraction pattern of LiAl,,Ni,,0,
is shown in Fig. 4, comparing it with those of LiNiO, and
a-LiAlO,. The g-axis dimension of LiAl,Ni;,0; is
2.86 A, which is a quarter point between 2.88 A for LiNiO,
and 2.80 A for a-LiAlO,. This suggests a homogeneous dis-
tribution of aluminum ions at nickel sites in LiNiO,. We
expected the appearance of superlattice lines from a [2 X 2]
sublattice in a triangular lattice of sites, but could not de-
tect such lines in spite of an extensive search (a = 2.86 X
2 A for a hypothetical [2 X 2] sublattice).

The c-axis dimension of LiAl, ;)Ni;/,0, is almost the same
as that of a~LiAlO, due to the change in force acting
through plane by the substitution (van der Waals force).
The unit cell parameters for LiAl,,Ni;,O, were determined
tobe a = 2.859 A and ¢ = 14.241 A in a hexagonal setting by
a least squares method using 15 diffraction lines. Batch-to-
batch data were almost invariant in the a-axis dimension,
but for some reason there was slight variability in the c-
axis dimension in the range 14.23 to 14.24 A, In analyzing
the structure, we assumed a.space group R3m in which
trivalent aluminum and trivalent nickel ions were ran-
domly distributed at the octahedral 3(a) sites with an occu-
pancy of 0.25 for aluminum and 0.75 for nickel. The lithium
ions are located at the octahedral 3(b) sites, and oxygen
ions at the 6(c) sites and we obtained an oxygen positional
parameter of 0.262. These results indicate that
LiAl,;Ni,,0, is a solid solution of a-LiAlO, (R3m) and
LiNiO, (R3m) by the ratio 1:3.

Electrochemical charge and discharge.—Figure 5 shows
the first charge and discharge curves for a Li / LiAl, ,Ni; O,
cell operated between 2.5 and 4.8 V. The open-circuit
voltage of a freshly prepared cell was 3.13 to 3.20 V. During
charge at 0.17 mA - cm™? the voltage rapidly increased to
about 3.75 V, and then followed an ascending curve. A
plateau was observed at 4.50 V, after which the voltage rose
from 4.50 to 4.80 V. The charge capacity at 4.8 V of cut-
off voltage was ca. 230 mAh - g™ based on LiAl,,
Ni; 4O, sample weight. However, the first discharge capac-
ity was observed to be ca. 170 mAh - g™. About 60 mAh - g™*
of charge capacity is lost during the first charge and dis-
charge. To examine how the charge capacity is lost during
the first cycle, the cell was charged at constant capacity
increments of 25, 50, 100, 125, 150, or 200 mAh - g"! based
on LiAl,,Ni,,0, sample weight and then discharged to
2.5 V. The results are shown in Fig. 5. Thirty to forty mAh -
g ! of charge capacity is lost when the charge capacities are
100-200 mAh - g, Another 20-30 mAh - g' is lost when the
cell is charged to 4.8 V (ca. 230 mAh - g of charge capac-
ity). These results indicate that the loss of charge capacity
oceurs in the initial and final part of the charging process.
The loss of charge capacity is only observed in the first
charge and discharge, after which the cell cycles with more
than 99% of charge-discharge coulombic efficiency as
shown in Fig. 6. In examining the rechargeability of LiAl,,
4Ni;,0,, the cells were cycled by charging at a constant
capacity of 100 mAh - g™ or 150 mAh - g™ followed by
discharging to 2.5 V at 0.17 mA - cm™. As can be seen in
Fig. 6, LiAl,,Ni,;,0, is rechargeable in almost the same way
as LiNiO, in nonaqueous lithium cells.

Detailed x-ray diffraction measurements of Li; Al
Ni;0,.—In order to follow a change in the crystal stucture
of LiAl,,Ni,,0, during charge and discharge, XRD exami-
nations were carried out at the locations shown in the bar-
codelike indications in Fig. 7. The results are shown in Fig.
8 and 9. No new diffraction lines were observed; all diffrac-
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Fig. 6. Charge and discharge curves of LiAl; 4Nis;,0, for a con-
stant capacity ciurge of (a) 100 mAh . g ' or (b) 150 mAh . g~" based
on LiAl, 4Ni3/,0, sample weight at a rate of 0,17 mA - cm 2, followed
by a constant-current discharge to 2.5 V. In drawing figures the 2nd
to 11th charge and discharge curves were shown.

tion lines could be indexed assuming a hexagonal lattice.
The XRD patterns in Fig. 8 were obtained for a charging
process and their charge curves were shown in Fig. 7(a).
The (1,1,0) line which is originally broader than the (1,0,8)
line is getting sharper, shifting toward higher diffraction
angles as the oxidation proceeds. This suggests a release of
microscopic in-plane stress due to the accumulation of for-
mal tetravalent nickel ions. Conversely, the (1,0,4), (1,0,5),
(1,0,7), and (1,0,8) lines are getting broader than those for
LiAl,;,Ni;;,O,. The (0,0,3) line slightly shifts toward lower
diffraction angles while retaining almost the same half-
width as LiAl,,Niy,O, until the charge capacity exceeds
200 mAh - g, after which it slightly shifts back to higher
diffraction angles while broadening the profile as shown in
Fig. 8. The XRD patterns in Fig. 9 were obtained for a
discharging process after charging to 4.8 V (about 230
mAh - g™ of charge capacity). The charge and discharge
curves for the cells used to prepare the XRD samples are
shown in Fig. 7(b). As can be seen in Fig. 9, XRD observa-
tions for a discharging process are the same as those for the
charging process in Fig. 8 in a reverse order. The XRD pat-
tern in Fig. 9(e) is identical with that for LiAl,,Ni;,0, in
Fig. 8(a), indicating that LiAl,,Ni;,O, is recovered after a
charge-discharge cycle.

As described above, the electrochemical reaction of
Li,_,Al,;,Ni,, O, proceeds topotactically in a rhombohedral
phase, although the change in profile for each diffraction
line during charge and discharge is quite complicated
probably due to the existence of electrochemically inactive
Al?* species at the Ni* sites in LiNiO, (R3m).

J. Electrochem. Soc., Vol. 142, No. 12, December 1995 © The Electrochemical Society, Inc.

DSC measurements for fully charged LiAl,Ni; 0, —
Figure 10 shows the results on the DSC measurements for
the fully charged LiAl,,Ni;,0, and LiNiQ,. In preparing
the samples for DSC measurements, LiAl,,Ni;,0, or
LiNiO, powder was pressed into a pellet and used as a
cathode in a nonaqueous lithium cell. After constant-cur-
rent charge at 0.17 mA - cm™ up to 4.8 V the pellet was
taken out of the cell, and the electrolyte (1 M LiClO, PC)
was wiped off with a filter paper. A piece of the crushed
pellet was mechanically sealed in an aluminum cell. The
weight of the sample loaded in the aluminum cell, includ-
ing the electrolyte, was estimated by weighing the alu-
minum cells with and without the sample. DSC signals (a
heat flow in mW as a function of temperature) were mea-
sured at a heating and cooling rate of 5°C - min.™ The de-
gree of oxidation was calculated from the charge capacity
and a theoretical capacity based on one-electron transfer
per a formula unit of LiAl,,Ni,,O, or LiNiO,.

For LiNiO, containing the electrolyte, nothing happened
except for endothermic signals at temperatures between
100 and 175°C. These were probably due to the thermal
decomposition of propylene carbonate on LiNiO,. For a
fully charged LiNiO,, specifically Li,;sNiO, which is close
to nickel dioxide (ONiO,), two exothermic peaks at 155 and
210°C were observed in addition to an exothermic spike at
184°C. The onset temperature of an exothermic spike oc-
curs at about 160°C, above which an exothermic reaction is
accelerated as temperature rises. To draw such a sharp
spike an endothermic reaction whose onset temperature is
184°C would be necessary. A possible reaction is the bulk
decomposition of nickel dioxide which releases oxygen. If
such an endothermic reaction is involved, an endothermic
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Fig. 7. Continuous charge (and discharge} curves at a rate of
0.17 mA . em 2 for Li/LiAl, /Nis,,O; cells fo prepare XRD samples of
Li;— Al 4Niz/ 40, for (a) a charging process and (b} discharging
process. Barcode-type indications in figures show the locations at
which the XRD examinations were undertaken.
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Fig. 8. X-ray diffraction patterns of Li;_,Al,/,Ni;/,0, after (a) O,
(b} 75, {c} 150, and (d) 230 mAh - g~' of charge capacity. Charge
curves for the cells were shown in Fig. 7(a).

peak is estimated to occur at about 190°C which is in good
agreement with the results on the thermal gravimetric
study on the decomposition reaction of Liy;NiO,.** Al-
though it is difficult to specify each endothermic or
exothermic reaction by DSC data alone, it is clear that the
thermal behavior of Li, ;;NiO, containing the electrolyte is
a haystack-type reaction associated with thermal run-
away® The thermal behavior of the fully charged
LiAl, ,,)Ni;,O,, specifically Li, 3Al,,Ni;,0,, is quite differ-
ent from that for Li, ;sNiO,. Although some exothermic and
endothermic reactions are involved, these reactions are
mild, resulting in rounded exothermic and endothermic
signals.

Discussion

Reaction mechanism of Li; ,Al;,Ni;,0,.—As seen in
Fig. 7-9, there is no doubt about a single-phase reaction
over the entire range. This is better illustrated in Fig. 11. In
calculating x in of Li,_, Al;,Ni;/,O,, we assume one electron
transfer per a formula unit of LiAl, ,Ni;,0; (298 mAh - g™*
of capacity for an assumed reaction). To represent a series
of a-NaFeOQ,-structural types having a rhombohedral lat-
tice, we usually use a hexagonal setting.*'**® The relation-
ship between rhombohedral (a; and o) and hexagonal lat-
tice constants (@, and ¢,) is as follows

1 . 3
ag=-V3al+cl,a=2sin 1[‘]
"3 nT e 2V3 + (cp/a, )*

so we can convert one lattice constant to another. In Fig. 11
the hexagonal lattice constants, a, and ¢, as a function of
z in Li, ,Al,Ni;,0, are shown. In calculating x-values
from the charge and discharge capacity, we assumed 100%
coulombic efficiency. Open-circles in Fig. 11 are the lattice
parameters, a, and ¢, calculated from XRD data in Fig. 8
obtained for a charging process (shown in Fig. 7(a)). The
triangles in Fig. 11 are the lattice parameters similarly cal-
culated from the XRD data in Fig. 9 for a discharging pro-
cess (shown in Fig. 7(b)). If the coulombic efficiency is
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100% to oxidize LiAl,,Ni,,0,, the two curves of open cir-
cles and triangles must merge into a single curve. However,
about 0.1 shift in z-value (corresponding to 30 mAh - g™* of
capacity) is observed in Fig. 11, indicating the loss of
charge capacity in the high voltage region mainly above
4.50 V, which is consistent with the observations in Fig. 5.
Another loss of charge capacity is observed in charge ca-
pacities below 100 mAh - g for which operating voltage is
below 4.0 V as seen in Fig. 5. In this region the lattice
parameters in Fig. 11 are not affected by the charge capac-
ity. If we assume the change in lattice parameters is directly
proportional to the amount of charge accumulated in the
solid matrix, the charge capacity below 100 mAh - g 'isnot
effectively consumed to oxidize LiAl,,Ni;,0, as seen in
Fig. 5 and 11. Since the loss of charge capacity in this re-
gion is only observed in the first charge and discharge as
seen in Fig. 5 and 6, the oxidation of impurity such as com-
bined water probably participated in this loss although we
cannot specify a reaction.

As canbe seen in Fig. 8 and 9, the rapid increase in charg-
ing voltage at about 230 mAh - g! of charge capacity
strongly suggests the formation of an electronically insu-
lating material O, ,Li,,Al;,Ni;z O, in which the electronic
structures of Al* and Ni* are 3s° and presumably
t3, - € (3d%) in O, symmetry,” respectively. It should be noted
that in the fully charged state for LiAl,,Ni,,O, (Oz/,Ld;
Ni;z;,0; in this case) lithium ions are available, but no elec-
trons can be removed in an appropriate voltage range,
called electrons-source (or sink) limiting capacity.’ This is
the reverse of the situation for Li[Li,;Ti;;10, for which
lithium-ion site limiting capacity was observed.™

General observations, such as the shrinkage in the a -axis
dimension down to ca.2.80 A and the dilution in the c-axis
dimension up to 14.5 A as x increases, are the same as those
for LiCo0,," LiNiO,? or LiNi,,Co,,0," A dramatic
change in the c-axis dimension to below 14.0 A is observed

(003)

(101)

(a)

-
o
~
~

L L L 1

10 20 30 40 50 60 70 80 90 100
29 / deg (Cuge )
Fig. 9. X-ray diffraction patterns of Li; ,Al;/,Ni;/4O, after {a} O,
(b} 50, {c} 100, {d) 122, and (e) 170 mAh - g~! of discharge capacity,
which followed 230 mAh - g~' of charge. Charge and discharge
curves for the cells were shown in Fig. 7(b).
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Fig. 10. DSC curves for (a) LipysNiO; (23.2 mg), (b)
Li 25Al, 4 Ni5;40, {17.0 mg), and (¢} LiNiO, (24.1 mg) containing
electrolgie (1 M LICIOPC). Lig 15NiO, and Liq 25Al, /4Ni5 4O, were pre-
pared by charging LiNiO, or LiAl,,Ni;/4,O, without the addition of
acetylene black and Teflon to 4.8 V at a rate of 0.17 mA - em™ 2.
Heating and cooling rates were 5°C - min~',

in the range 0.75 < x < 1 for Li,_,CoQ,,"® Li;_,NiQ,? or
Li;_,Ni; ,C0,,0,."" This gives a limitation in applying these
materials to lithium-ion batteries, such that we need to set
proper cutoff voltages for charging in order to safely cycle
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Fig. 11. Unit cell parameters, a, and ¢, as a function of x in
Li; Al ;4Ni3/405. In calculating x-values 100% covlombic efficiency
was assumed. Open circles were obtained for a charging process
shownbin Fig. 7(a) and triangles for a discharging process shown in
Fig. 7(b).
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Fig. 12. Unit cell volumes as a function of x in Li;_,Al;/4Ni3/405.

for thousands of cycles 1o prevent overcharging. As seen in
Fig. 11, such as dramatic change in the c-axis dimension
(below 14.0 A) during charging is not observed for
Li, Al Niz,0,. The c-axis dimension remains above
14.3 A even for a fully charged state (we are expecting
14.5 A of the c-axis dimension by optimizing the composi-~
tion and structure of the material). Figure 12 shows the
change in unit cell volume for a hexagonal lattice as a func-
tion of x in Li,_,Al,;Ni;,0,. The unit cell volume changes
monotonically from 100.5 A ® to 98 A ® (about 2.5% change
in volume) during the reaction.
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Fig. 13. Comparison between (a) LiNiO, and (b) LiAl,;,Ni;/sO; in
terms of the change in voliage and interlayer distance on charge.
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Although some ambiguities exist about the relation-
ship between the structural parameters and x in
Li,-,Aly;Ni;,O,, we formulate the topotactic reaction as

[Li] [Al,,Ni,,]O, & [Li;_.[J,] [ALNiz,]0, + xLi* + xe”
3(b) 3(a) 6(c) 3(b) 3{a) 6(c)
(0 =2a<0.75)

in which 3(a), 3(b), and 6(c) is the number of equivalent
positions combined with Wyckoff letter in a space group
R3m to represent the sites for each species. From this for-
mulation the theoretical capacity is calculated to be
224 mAh - g~ based on LiAl, ,Ni;,0, weight (1.0 Ah - g% in
volumetric capacity).

Significance of LiAl;,Nis O, for lithium-ion batteries. —
One of the objectives in this research is to design a resistive
characteristic against overcharging by replacing Ni* ions
with Al** ions in LiNiO, while retaining the high voltage
characteristic of LiNiO,. To discuss whether or not such a
beneficial effect is expected from a fundamental point of
view, we compare electrochemical and structural results
for Li,  Al,,Ni;,0, with those for Li, ,NiO,. Figure 13
shows the comparison of the charge curves and structural
data between Li, ,NiO, and Li,_,Al ,Ni;,0,. To make a
comparison in the same measure, we calculated the inter-
layer distances between NiQO, or Al,,Ni;,O, sheets from
the structural data obtained during charging processes.
As seen in Fig. 13,the general features of charge curves for
LiNiQ, and LiAl,,Ni;0,, such as voltage level, a plateau
voltage at ca.4.50 V, and rapid increase in voltage from 4.5
to 4.8 V, are the same. This strongly suggests that both reac-
tions consist of solid-state redox reactions between a low-
spin Ni** (t5, - e} in Oh symmetry) and low-spin Ni* ion

(t, - e). For Li,_,NiO, we observed a monoclinic phase in
the range 0.25 = x = 0.55 (shown in triangles in Fig. 13(a))
and two rhombohedral phases in 0.75 < x < 1. A monoclinic
phase which results from a cooperative Jahn-Teller effect
of low-spin Ni*"? is not observed over the entire range for
Li;_,Al,,Ni;, 0, probably due to a microscopic stress in-
duced by the substitution of nickel ions for aluminum ions
as was previously described regarding the diffraction pro-
file for the (1,1,0) line in Fig. 1 and 8. A two-phase reaction
in the region 0.75 < x < 1 for Li,_,NiQO,, which is associated
with ca. 0.3 A of dimensional change in the interlayer dis-
tance, is also eliminated for Li, ,Al,,Ni;,0, because
Al* ions together with lithium ions keep the interlayer
distance to be about 4.8 A. For LiAl, ,Ni;40,,
Oa/Lid; Al ,Nig 4O, is the fully charged state and an elec-
tronic insulator. The formation of an insulating material
may give a beneficial effect upon overcharging because the
insulating material behaves like an ideally polarizable
electrode. Consequently, nothing will happen even when
high voltages are imposed. This also prevents a haystack-
type reaction associated with thermal runaway as seen in
Fig. 10. LiNiO, shows 200 mAh - g * of rechargeable capac-
ity with a changing interlayer distance between 4.72 and
4,80 A. Therefore, we can expect 200 mAh - g™" of recharge-
able capacity out of 224 mAh - g™* of the theoretical capac-
ity for LiAl, ,,Ni,,0, and also resistivity against overcharg-
ing. The current results on the rechargeable capacity are
about 150 mAh - g™* as shown in Fig. 5, partly because the
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processing methods for preparing materials and electrodes
including the selection of carbon and binder materials to-
gether with electrolyte composition have not been opti-
mized. Such approaches are in progress in our laboratory.
Although more thorough studies are necessary, we believe
that the combination of LiAl,,Ni;,0, (R3m) and (natural)
graphite” is a most attractive system for lithium-ion
batteries.
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