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Abstract

Lithium nickelate is an attractive positive electrode material for lithium ion batteries because of its large capacity at ambient
temperatures. However, highly delithiated LiNiO, (e.g. Li,,NiO,) shows undesirable exothermal heat at 200°C. We found another issue
of LiNiO, in this study, namely poor reversibility at 40°C. To overcome these disadvantages, we introduced cobalt, manganese, and
titanium as partial substituents for nickel. Cobalt substitution was effective in improving the reversibility at 40°C. The exotherma
decomposition of the delithiated compounds was suppressed by using manganese and titanium as substituents. We found doubly
substituted nickelate LiNi, 5C0, ;Ti ;0 to be the most promising in terms of large capacity (190 mA h g~1), enhanced high-temperature
performance, and improved thermal stability. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Lithium nickelate is an attractive positive electrode
material for lithium ion batteries because of its compara-
tively low cost and large capacity [1,2]. LiNiO, with a
well-defined layered structure provides a cycle capacity of
over 200 mA h g ! [3-11]. Most of the lithium in layered
LiNiO, is extracted at a moderately positive potential, for
example at 4.3 V vs. Li/Li™. This characteristic gives the
large capacity but also produces highly delithiated (lithium
extracted) states which can reduce the stability of the
material. It has been reported that the highly delithiated
compound Li,; _,NiO, (y = 0.7) decomposes exothermally
at around 200°C [12-17] while lithium cobaltate obtained
at the same potentia, Li,_,CoO, with y~ 0.5, is stable at
200°C [12,16]. Also the question is the reversibility of
nickelate electrodes at higher than ambient temperatures
because the material at higher degrees of delithiation is
thermodynamically metastable and might be degraded at
high operating temperatures. A substitution technique
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seems to be the key to overcoming these disadvantages
[13,18,19].

In this study, we describe the high-temperature perfor-
mance and thermal behavior of LiNiO, and its substituted
compounds. Cobalt, manganese and titanium were used for
the substituents. We report a material which exhibits en-
hanced high-temperature performance and thermal stability
while maintaining a large reversible capacity of 190 mA h

gt

2. Experimental

We used reagent grade LiOH - H,O, LiNO; (1:1 mix-
ture) and Ni(OH), (Kanto Chemical) to prepare al the
samples. Co,0,, MnO, and TiO (Kanto Chemical) were
added as needed. The transition metal reactants were used
in the same stoichiometric ratio as in the target material.
We used double the stoichiometric amount of lithium so
that the transition metal in the lithium predominant layer
was minimized [8]. For example, the molar ratio of the
reactant mixture was Li:Ni:Co:Ti = 20:8:1:1 when we pre-
pared LiNi,zCoq,Tiy,0,. The mixture was heated in air
at 500°C for 6 h and then at 700°C for 24 h. We washed
the obtained powder with distilled water to remove unre-
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acted lithium compounds. We then dried it at 100°C for
more than 12 h.

We characterized the structure of the compound by
X-ray diffraction (Rigaku RU-200, RAD-rX) with Cu K«
radiation. Rietveld analysis was performed with the aid of
the computer program RIETAN [20]. We assumed a struc-
ture of [Li;_ (TM), 15 [(TM), _, Li,15.[0,]s. (X< 0.5 and
w < 0.5) with a space group R3m and a hexagonal setting,
where the transition metals (denoted as TM) form a solid
solution in the compound. 3b and 3a sites correspond to
lithium and transition metal predominant layers, respec-
tively. The average scattering factor of TM was used to
calculate the structure factor.

We conducted electrochemical measurements at 20°C
and 40°C using coin-type cells [8] equipped with a metallic
lithium counter electrode and a 1-M LiPF; electrolyte
solution in equal volumes of ethylene carbonate and
dimethyl carbonate. The working electrode mixture con-
sisted of the nickelate material (70 wt.%), acetylene black
(Denki Kagaku) (25 wt.%) and polytetrafluoroethylene
(Daikin) (5 wt.%). The quasi open circuit voltage (QOCV)
profiles were measured by applying an intermittent current
of 0.1 mA cm~2 for 2 h followed by a 2-h rest. Unless
otherwise mentioned, we stopped the charging test at a
closed circuit (current flowing) voltage of 4.5 V before
starting the following discharging test. A single charging
test typically took 2 weeks. We estimate the lithium con-
tent of the charge—discharge compounds using the trans-
ferred charge and the weight of the electrode material. We
performed constant current charge—discharge (cycle) tests
in a 3.0- to 4.3-V range at 0.5 mA cm2.

We measured the therma behavior of the delithiated
compounds using differential scanning calorimetry (DSC)
(Rigaku TAS-100) in an argon atmosphere at a heating
rate of 10°C min~1. The delithiated compound was pre-
pared by electrochemical delithiation at 0.1 mA cm™?
followed by a relaxation period of 1 week in the cell. The
electrode mixture was taken from the cell, washed with
tetrahydrofuran, dried in a vacuum, and part of it (ap-
proximately 5 mg) was used for the DSC measurement.

We measured the behavior up to 300°C where acetylene
black and polytetrafluoroethylene are stable [15].

3. Results and discussion

3.1. Sructural characteristics

The observed X-ray patterns were al similar to that of
layered LiNiO, and no other phase was detected. Table 1
shows the structural parameters of the compounds ana-
lyzed by the Rietveld method. The nomina chemical
composition of the target material is used in Table 1 and
hereafter. The calculated pattern we obtained by the Ri-
etveld analysis provided a good fit with the experimentally
observed pattern, indicating that the proposed structural
model is appropriate. Typical R,,, and R, values from the
Rietveld analysis [20] were 10 and 2, respectively.

The x vaue is smal in al the samples in Table 1,
namely, there was little transition metal contamination in
the lithium predominant layer. This result indicates that the
method we used here for preparation is useful for prepar-
ing layered lithium nickelate in air. The cobalt substituted
compounds have a well-defined layered structure with a
smaller x value than LiNiO,, as previously reported [21—
23]. This suggests that the transition metal found in the
lithium predominant layer is nickel (Ni?*) and cobalt
exists only in the 3a site.

The substituted compounds containing manganese and
titanium showed positive w values, which reveals that
lithium is found in the transition metal predominant layer.
The error in the w value was large due to the small
scattering factor of lithium, nevertheless, the R, and R,
values were certainly reduced by introducing a positive w
value for compounds containing manganese and titanium
as the substituent. We found no such tendency for LiNiO,
and LiNi,,Co,,0,. Chemical analysis of manganese-
substituted lithium nickelate has shown that the lith-
ium ratio to transition metal tends to be over unity and

Table 1

Structural parameters and rechargeable capacity of nickelate compounds

Compound name? a(A) c(A) z(0) xP wP Cycle capacity at
20°C(mA hg~1)°

LiNiO, 2.873%(1) 14.186(1) 0.259(2) 0.01(D) od 210

LiNiy 4Coy,0, 2.8685(1) 14.170(1) 0.259(2) 0.01(1) o4 200

LiNiggMng 4,0, 2.8709(1) 14.179(1) 0.259(1) 0.03(1) 0.04(2) 185

LiNigoTio40, 2.8766(1) 14.215(1) 0.25%(1) 0.02(1) 0.04(2) 185

LiNiggCoy,1Mng,0, 2.8645(1) 14.161(1) 0.259(1) 0.02(1) 0.05(2) 175

LiNigCoq 1Tig 10, 2.8753(1) 14.215(1) 0.259(2) 0.02(1) 0.05(2) 190

#Nominal chemical composition of the target material (see text).

°A formula of [Li;_ (TM) Js[(TM), _ , Li ,]s[O, 5. Was assumed where TM denotes transition metals (see text).
°Data at 0.5 mA cm~2, cycled between 3.0 and 4.3 V.

9This term was fixed to be zero because no positive value was obtained.
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that manganese ions exist partly as Mn(V) [24-26].
We believe, based on these facts, that the manganese-
substituted lithium nickelate consist of solid solu-
tions of [Lilg[Ni,_ ,Mn(11),]1;,[0,];c and
[Lilg[Liy,sMN(IV), 5]5[O0, g (Or Li,MnO,). We deduce
that a similar solid solution is also formed for titanium-
substituted lithium nickelate, because Ti (IV) is more
stable than Ti(lll) and easily forms Li[Li, ,5Ti, 3]0, (or
Li,TiO,). If manganese and titanium exist with valences
of +3 and +4, their ionic radii and positive charges are
too far from those of Li* and they may only be accommo-
dated in the 3a site.

The doubly substituted system LiNi,¢Co,;M,0, (M
= Mn, Ti) showed both the structural features observed in
cobalt- and manganese-substituted compounds, namely
small x vaues and positive w values.

3.2. Characteristics of LiNiO,

The non-substituted LiNiO, provided a large cycle
capacity a 20°C as shown in Table 1. It turned out,
however, that the reversibility is poor at higher than ambi-
ent temperatures. Figs. 1 and 2 show the QOCV profiles of
Li;_,NiO, during the first charge-discharge cycle mea
sured at 20°C and 40°C, respectively. There was similarity
in the voltage profiles during charging and discharging
with approximately 80% of the material (corresponding to
220 mA h g™ ') being active at 20°C. Considerable irre-
versibility was observed at 40°C with a loss of the voltage
region over 4 V in Fig. 2. When the charging process was
stopped at Li,,NiO, followed by discharging, the re-
versibility was good at 40°C as shown in Fig. 3, as well as
at 20°C [11]. However, it is practically difficult to control
the degree of delithiation around Li,,NiO, by means of
voltage detection, because there is a voltage plateau at 4.15
V (see Figs. 1 and 2). It is known that the interlayer
distance of Li;_,NiO, shrinks considerably at the end of
charging [3]. This therefore suggests that the highly delithi-
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Fig. 1. QOCV profiles of Li,_,NiO, during the first charge-discharge
cycle at 20°C.
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Fig. 2. QOCV profiles of Li;_,NiO, during the first charge—discharge
cycle at 40°C.

ated states of Li, ,NiO, (y> 0.8) decomposed at 40°C
and lead to a partial degradation of the material and thus
the irreversible behavior. This unsatisfactory high-tempera-
ture performance of Li,_,NiO, needs to be improved, in
addition to the exothermal decomposition behavior at
200°C.

3.3. Characteristics of LiNiy M, ;0, (M = Co, Mn, Ti)

Partial substitution for nickel is the key to improving
these undesirable properties. The amount of substitution
must be kept to a minimum so as to maintain the large
capacity of pristine LiNiO,. We attempted a 10% substitu-
tion for nickel using cobalt, manganese and titanium as the
substituents.

We evauated the cycle performance of LiNiyoM,0,
(M = Co, Mn, Ti) at 20°C. The result is shown in Table 1.
They al showed large cycle capacities, owing to the
well-defined layered structures and the small amounts of
substituent. The performance at 40°C was improved by
introducing cobalt as the substituent. Although there was
some irreversibility, the cobalt-substituted compound
showed a large discharge capacity (corresponding to

4.4 T T T T

QOCV/V
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Fig. 3. QOCV profiles of Li,_,NiO, at 40°C. The charging process was
stopped at Li,,NiO, and was followed by the discharging process.
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Fig. 4. QOCV profiles of Li;_yNig4Coq 0, during the first charge—dis-
charge cycle at 40°C.

220 mA h g) at 40°C as shown in Fig. 4. As cobalt is
oxidized later than nickel [27,28], the remaining Co®"
seems to contribute to the enhanced stability under our
experimental conditions. The slanted voltage profile is
useful for controlling the degree of delithiation using
voltage detection. The manganese- and titanium-sub-
stituted compounds showed inadequate performance at
40°C. Fig. 5 shows the result for the manganese-sub-
stituted compound with about 60% of the material avail-
able during discharging. The titanium-substituted material
behaved similarly.

Fig. 6 shows the thermal behavior of delithiated com-
pounds measured by using DSC analysis. We fixed the
degree of delithiation at y=0.8 in Li,_(TM)O, for
examining the thermal stability. It has been shown that
Li,_,NiO, generates the largest exothermal heat when y
is around 0.8 [15]. While the cobalt-substituted compound
behaved like Li,,NiO, with an exothermal pesk at around
200°C, the manganese- and titanium-substituted com-
pounds exhibited endothermal behavior, that is, they have
better thermal stability. The therma decomposition of
LiNiO, results in a large amount of exothermal heat that

4.4 T T T

QOCV/V
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0.0 0.2 0.4 0.6 0.8 1.0

3.4 > *
y in Lil-yNi0.9Mn0.102

Fig. 5. QOCV profiles of Li;_NigoMng 0, during the first charge—
discharge cycle at 40°C.
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Fig. 6. DSC profiles of highly delithiated compounds a a heating
raie of 10°C min 1. (@ Lig,NiO,, (b) Lig,NiggCop,0,, (0
LigoNiggMng0,, (d) Lig,NiggTig10,, () Lig,NiggCoq 1Tig10,. The
hatched area in the figure corresponds to heat of approximately 100 J
gt

originates in the disorderly mixing of the cations and a
small amount of endothermal heat that originates in the
oxygen evolution from the solid matrix [15]. Therefore, we
believe that the exothermal heat was suppressed and only
endothermal heat was observed with the manganese- and
titanium-substituted materials. These two compounds dif-
fer structurally from LiNiO, (and the cobalt-substituted
compound) in that their transition metal predominant layer
contains lithium, and this structural characteristic seems to
play a role in suppressing the exothermal heat. Further
study is needed to clarify the details of the decomposition
mechanism.

In conclusion, LiNigqM,,0, (M = Co, Mn, Ti) per-
formed better than the non-substitutive LiNiO,, however,
none of them succeeded in solving both problems, namely
the irreversibility at 40°C and the exothermal behavior at
around 200°C.

3.4. Characteristics of LiNi, 3Co, ;M 0, (M = Mn, Ti)

The results in the preceding section urged us to study
the characteristics of the doubly substituted system
LiNigsCog1Mo,0, (M =Mn, Ti). We again kept the
amount of substitution at 10% for each substituent.

Table 1 shows that LiNi,gCoqTiy 0, showed alarger
cycle capacity at 20°C than LiNi,gsCo,,Mn,,0,. Thisis
probably because our LiNi,gCoq,Mn,,0, powder was
quite coarse, compared with the fine LiNi,3Co,Tiy,0,
powder. Another reason could be the structural character-
istics of the sample. Although the x and w values are
similar in both samples, the lattice parameters are quite
different as shown in Table 1. More detailed analysis, for
example that using neutron diffraction analysis, is needed
to clarify structural factors which determine the electro-
chemical performance. Here we focused on the more at-
tractive compound, LiNiy¢Coq Ti,0,.
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Fig. 7. Cycle profile of LiNiygCoq(Tio,0, a 20°C and at 0.5 mA cm™2,
(a) First charging, (b) first discharging, (c) 10th discharging profiles.

The cycle profiles at 20°C are shown in Fig. 7, indicat-
ing its good cyclablity. Fig. 8 shows the good reversibility
of LiNiggCoq,Tiy,0, a 40°C which is close to that of
LiNiy4Co,,0, shown in Fig. 4. We observed the en-
dothermal decomposition of Li,,NiggCoq,Tiy 0, which
is similar to that of Li,,Nig4Tiy,0,, a shown in Fig. 6.

We examined the structural changes of
Li;_yNigC0,Ti,0, during charging. Fig. 9 shows the
structural parameters of several charged (delithiated) sam-
ples. The hexagona unit cell parameter a monotonously
decreased while ¢ was maximum at Lig,Niy5C0q ,Tig,0,.
This behavior is similar to that of Li;_,Ni,4Co,,0, [18].
Unlike Li;_,NiO,, Li;_,NiygCoq Ti;0, showed no
considerable interlayer shrinkage (one-third of the c-axis
length) which would deteriorate the material. Accordingly,
this doubly substituted nickelate LiNi,zCoq,Tiy,0, is
promising as an electrode material with a large capacity,

34 oL 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

y in Lil-yNiO.SCOO.lTiO.IOZ

Fig. 8. QOCV profiles of LiNiygCoy 1Tig 10, during the first charge—dis-
charge cycle at 40°C.
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Fig. 9. Hexagonal unit cell parameters of Li;_,NijgCoq;Ti(,0, during
charging. Data points are interpolated for clarity.

enhanced high-temperature performance, and good thermal
stability.

4. Conclusions

LiNiO, and its partialy substituted compounds show
large capacities of about 200 mA h~' at 20°C when the
transition metal content is low in the lithium predominant
layer. When fully delithiated, LiNiO, shows irreversible
behavior at 40°C. Highly delithiated compounds (e.g.
Liy,NiO,) decompose exothermally at around 200°C. The
reversibility at 40°C is improved by introducing cobalt as a
partial substituent for nickel. Manganese and titanium
substitution is effective in improving the therma sta-
bility at 200°C. The doubly substituted nickelate
LiNiygCo,,Tiy,0, exhibited a large capacity, enhanced
high-temperature performance, and good thermal stability
in the delithiated state.
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