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In order to develop safe lithium-ion batteries using Ni-based cathode active materials, such as
LiNixMng;_x)2C0(1_x)202, thermal stability is one of the most important requirements. We used XRD
and TDS-MS in the first step of our study to elucidate the thermal stability and to improve it under
anomalous high temperature conditions. We investigated the relationship between the thermal stabil-
ity and cathode composition, especially for that of the nickel and lithium content. The XRD indicated

that the crystal structure of electrochemically delithiated materials changed from a layered into a spinel
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structure followed by a rock-salt structure as the temperature rose. The TDS-MS indicated that these
changes coincided with the release of oxygen from the cathode materials. We found that decreasing the
lithium content and increasing the nickel content made the temperature of the crystal structure change
and oxygen release lower, and thus, influenced the cathode composition.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

A lot more attention than ever before is being paid to the Ni-
based cathode active materials used in lithium-ion batteries. There
are two reasons for this. One is the concern about the expensive
and changeable cost of Co-based materials, and the other is the
expectation of new applications, such as plug-in hybrid electric
vehicles (PHEV) and electric vehicles (EV), which require a higher
performance than conventional applications.

Increasing the nickel content in Ni-based materials is an effec-
tive way to increase their charge-discharge capacity density [1-4].
However, increasing the nickel content causes poor thermal stabil-
ity [5-8], which means there is an enhanced possibility of thermal
runaway under anomalous high temperature conditions. It was
reported that the crystal structure of Li;_4NiO, changed from a lay-
ered into a spinel structure followed by a rock-salt structure and
released oxygen as the temperature rose in Li;_gNiO5 [9-13], and in
Li;_pNiMO; (M: transition metal) [14-25]. Even if the composition
of the cathode active material is precisely adjusted before the cell
construction, it will certainly change during the charge-discharge
process and its iteration, which means, the lithium content changes
in proportion to the degree of charging or discharging. However,
there is no report to clearly elucidate the thermal stability of these
materials as a function of the temperatures and the composition of
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Ni-rich Li; _4NixMny,Co, O, cathode active materials, especially that
of nickel and lithium, systematically.

Therefore, we focused on the fact that the structure change of
the cathode active material is affected by not only by the nickel
but also by the lithium content in this paper. So, we systematically
studied the relationship between them. We report on the influence
of the nickel and lithium contents of Lij_yNixMn;_x)2C0(1_x)202
on the thermal stability using X-ray diffraction (XRD) and thermal
desorption spectrometry-mass spectrometry (TDS-MS) as the first
step toward better understanding the reaction mechanism for the
materials and to improve their thermal stability, intending to use
them as the cathode active material in lithium-ion batteries with
improved safety.

2. Experimental

Three LiNixMn(; _x)2C0(1_x)202 (x=1/3, 0.6, 0.8) samples were
prepared by firing a mixture of lithium hydroxide, nickel oxide,
cobalt oxide, and manganese oxide in air or oxygen atmosphere at
high temperatures for 10 h followed by annealing at 600 °C for 10 h.
The exact temperatures used and the atmosphere were 1000°C in
air for x=1/3, 900°C in oxygen for x=0.6, and 850°C in oxygen
for x=0.8, which had been optimized through some preliminary
experimentation.

Using the samples mentioned above, we also pre-
pared a cathode containing active materials denoted as
Liy_yNixMng;_x)2C0o(1_x)202 by using the electrochemical delithi-
ation process. First, the cathode was formed on aluminum foil by
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Fig. 1. XRD patterns of LiNiyMn;_y)2Co(1_x)202 (a) x=1/3, (b) x=0.6, and (c) x=0.8.

blade coating a slurry consisting of the active material, carbon,
polyvinylidene difluoride (PVDF) (85:10:5wt.%), and N-methyl
pyrrolidone (NMP) solvent. Then, they were dried, pressed, and
cut. The delithiated electrodes were prepared according to the
following process. The test cells were assembled with the cathode,
a lithium metal used as the anode, a microporous polypropylene
separator, and 1 M LiPFg in a mixed solvent of ethylene carbonate
(EC), ethyl methyl carbonate (EMC), and dimethyl carbonate
(DMC) in an argon glove box. The cells were charged and dis-
charged at a C/20 rate between 3.0 and 4.3 V. A cathode containing
LiNixMnq _xy2Co(1_x)202 (x=1/3, 0.6, 0.8) was charged to a pre-
scribed composition (y=0.4, 0.6, 0.8) at a C/20 rate of constant
current. The electrodes were removed from the cells after charging,
washed with DMC, and then dried. They were heated in an argon
atmosphere for 1h at 150-400°C to expose them to anomalous
high temperatures that might be caused under different kinds of
unsafe conditions, and cooled to room temperature.

XRD was used to identify the crystal structures of the pre-
pared samples before and after being heated at high temperatures,
using a Rigaku diffractometer (Rint-2200 Ultima III) with a graphite
monochromator and Cu Ka radiation operated at 40 kV and 40 mA.
The diffraction angles were scanned from 10 to 70° using a step
scan method with a 0.02° step and a counting time of 1.5 s per step.
The same method as that for the XRD samples was used to pre-
pared the ones for the TDS-MS (ESCO, Ltd., EMD-WA-1000); the
charged Li1,yNian“,x)/zCO(],x)/z02 (X= 1/3, 0.6, 0.8; y=04, 0.6,
0.8) electrodes were set in the TDS-MS sample chamber and heated
to 400°C in a vacuum at a rate of 5°C/min. The released oxygen
was detected using a quadrupole mass spectrometer with a 0.02's
step.

3. Results and discussion

3.1. Crystal structure of LiNixMnq_y)»Co(;_x)202 (x=1/3, 0.6,
0.8)

Fig. 1 shows the XRD patterns of LiNixMn(;_x2C0(1_x)202
(x=1/3, 0.6, 0.8). All the peaks were assigned to the hexagonal a-
NaFeO, structure of a R3m space group. The clear peak splitof (10 8)
and (11 0)was observed for all the samples, implying the formation
of a well-ordered crystalline layered structure.
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Fig. 2. Initial charge and discharge capacity densities of LiNixMn(1-x)/2Co(1-x)/202
(x=1/3,0.6,0.8) within voltage range of 3.0-4.3 V atrate of C/20 (a)x=1/3,(b) x= 0.6,
and (¢)x=0.8.

3.2. Charge-discharge capacities of LiNixMn;_yy2Cor1_x)202
(x=1/3,0.6,0.8)

Fig. 2 shows the charge-discharge curves for the first cycle of the
cathode with LiNixMn(; _x)2C0(1_x)202 (x=1/3, 0.6, 0.8). They had
good reversibility: the Coulombic efficiencies of the electrodes for
the first cycle were 87-90%, and those for the second cycle were
99%. In addition, the voltage difference between the first and sec-
ond charging curves was less than 0.2V for all three electrodes.
Table 1 lists the initial charge-discharge capacity densities of the
LiNixMn(q _yy2Co(1_x)202 (x=1/3, 0.6, 0.8) electrodes when apply-
ing a constant current of C/20 within the voltage range of 3.0-4.3V
along with the Coulombic efficiencies for the first cycle discussed
above. The discharge capacity density increased as the nickel con-
tent increased. These results indicate that nickel is the main redox
species of the transition metals in the tested voltage range.

3.3. Crystal structure of Li;_yNixMn;_x)2Cor1_xy202 (x=1/3, 0.6,
0.8; y=0.4, 0.6, 0.8) at high temperatures

XRD was used to elucidate the crystal structure change of elec-
trochemically delithiated Li_yNixMnj _x)2Co(1_x)202 (x=1/3, 0.6,
0.8;y=0.4,0.6, 0.8) electrodes. Figs. 3-5 show the XRD patterns for
those heated at 150-400 °C. These results are also summarized in
Table 2.

33.1. x=1/3

Fig. 3 shows the XRD patterns of the Lij_yNij;3Mny;3C01;30;
(y=0.4, 0.6, 0.8) electrodes heated at 150-400°C. For y =0.4 and at
150°C, all the peaks were assigned to the layered structure of the
R3m space group. From 150 to 400 °C, the (108) and (1 10) peaks,
which appeared at around 65°, merged. At 350°C, a new peak at
260=31° emerged. This peak is characteristic of the spinel struc-
ture of the Fd3m space group. This result indicates that the layered
structure is stable below 300 °C and begins to change into a spinel
structure at 350 °C. The same change arose for y = 0.6. However, that
for y=0.8 began at as low as 300°C.

Table 1

Initial charge and discharge capacities and Coulombic efficiencies of
LiNixMn(;_4)/2Co(1-x)/202 (x=1/3, 0.6, 0.8) within voltage range of 3.0-4.3V
at rate of C/20.

X Charge capacity Discharge capacity Coulombic
(Ahkg1) (Ahkg1) efficiency (%)

1/3 176 158 89.8

0.6 199 175 879

0.8 223 195 87.4
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Fig. 3. XRD patterns of Li;_yNi;;3sMny3C07/30, (y=0.4, 0.6, 0.8) electrodes (a) as prepared, and heated at (b) 150°C, (c) 200°C, (d) 250°C, (e) 300°C, (f) 350 °C, and (g) 400 °C.
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Fig. 4. XRD patterns of Li;_yNipsMng2C0202 (y=0.4, 0.6, 0.8) electrodes (a) as prepared, and heated at (b) 150°C, (c) 200°C, (d) 250°C, (e) 300°C, (f) 350°C, and (g) 400 °C.

3.3.2. x=06 3.33. x=0.8

Fig. 4 shows the XRD patterns of the Li;_yNiggMng>C0920; Fig. 5 shows the XRD patterns of the Li;_yNiggMng1Cog 10,
(y=0.4,0.6, 0.8) electrodes heated at 150-400 °C. For y =0.4, all the (y=0.4, 0.6, 0.8) electrodes heated at 150-400°C. The crys-
changes were almost identical to those for x=1/3 and y=0.4, 0.6 tal structure changes occurred in the same sequence as that

mentioned above. in the former two cases, x=1/3 and x=0.6: a layered into a
The results for y=0.6 were similar to those for y=0.4 except at spinel structure followed by the coexistence of a spinel and
two points: one was that the structural change from a layered into a rock-salt structure. The difference here is in the tempera-

a spinel structure occurred at as low as 250°C, and the other is tures at which the changes occurred. Namely, we found that
that the rock-salt structure of the Fm3m space group emerged at the tendency for a higher nickel and a lower lithium content

350°C. All the results for y = 0.8 were similar to those for y = 0.6 with to lower the structure-changing temperatures is valid even for
a low temperature shift of 50 °C for the emergence of the rock-salt these compositions, which is explicitly shown in Fig. 5 and
structure, as listed in Table 2. Table 2.
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Fig. 5. XRD patterns of Li;_yNiggMng ;Cog.1 02 (y=0.4, 0.6, 0.8) electrodes (a) as prepared, and heated at (b) 150°C, (c) 200°C, (d) 250°C, (e) 300°C, (f) 350°C, and (g) 400°C.
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Fig. 6. Oxygen release behaviors of Li;_yNixMn(j_x)2C0(1_x)202 (a) x=1/3, (b) x=0.6, and (c) x=0.8.

Table 2
Crystal structures of Lij_yNiyMn(j_y)2Co(1-x202 (x=1/3, 0.6, 0.8; y=0.4, 0.6, 0.8)
from 25 to 400°C.

X y Temperature (°C)
25 150 200 250 300 350 400
1/3 04 L L L L L S S
0.6 L L L L L S S
0.8 L L L L S S S
0.6 04 L L L L L S S
0.6 L L L S S S,R S,R
0.8 L L L S S,R S,R S,R
0.8 04 L L L S S S,R S,R
0.6 L L L S S,R S,R S,R
0.8 L L S S,R S,R S,R S,R

L: layer, S: spinel, and R: rock-salt.

3.4. Oxygen release of Lij_yNixMnq_x)2C0(1_x)202 (x=1/3, 0.6,
0.8;y=0.4,0.6,0.8)

It is well-known that the thermal decomposition of cathode
active material in lithium-ion batteries, such as layer-structured
LiMO, release oxygen, will cause thermal runaway. Therefore, we
intended to elucidate the oxygen release reaction of the elec-
trochemically delithiated Li;_,NixMnj _x)2Co(1_x)202 (x=1/3, 0.6,
0.8; y=0.4,0.6,0.8) in connection with the structural change of the
materials, using TDS-MS.

Figz 6 shows the TDS-MS results from the
Li]_yNixMH(]_X)/2C0(1_X)/202 (X= ]/3, 0.6, 0.8; y= 0.4, 0.6, 08)
electrode. The amount of oxygen release for x =1/3 increased as the
lithium content decreased, or namely y increased. The tendency
for oxygen release for x=0.6 was similar to that for x=1/3, but the
oxygen release for y=0.8 was very large. The tendency for oxygen
release for x=0.8 was similar to that for x=1/3 and 0.6, but the
amount of oxygen release for y=0.8 abruptly increased at around
250°C. It was previously reported that the oxygen release was
caused by reactions (1)-(3) shown below [9,11-13].

0<y<0.5

Li;_yMO; — (1 - 2y)LiIMO; + yLiM;0y4 1)
y>0.5
Li;yMOy —  (2-y)/3[LizayyeyMeay-niepn][M10s + [(2y-1)/3]0,
= J
e (2)
— [Li1_yM]O2_y+[(2 ~y)/6]02 (3)

Reactions (1)-(3)and the results shown in Fig. 6 are summarized
as follows:

1) For y=0.4, all the cases where x=1/3, 0.6, and 0.8 substantially
showed no oxygen release, which was consistent with reaction

(1).

2) For y=0.6 and 0.8, which are more delithiated conditions, the
amount of oxygen release increased according to the delithia-
tion, which was consistent with reactions (2) and (3).

3) In addition, for y=0.6 and 0.8, the amount of oxygen release
abruptly increased according to the x values from 0.6 to 0.8,
which was also consistent with reactions (2) and (3).

All these results are in good correlation with Figs. 3-5 along
with Table 2, which summarized the three figures. This good
coincidence presents a systematic description of the thermal sta-
bility of layer-structured lithium-transition metal double oxides
for the cathode active material in lithium-ion batteries denoted as
Lij_yNixMn(;_x)2C0(1_x)202 (x=1/3,0.6,0.8; y=0.4, 0.6, 0.8).

3.5. Thermal stability

The reason why x=1/3 is not likely to change from a lay-
ered into a spinel structure is speculated to be as follows. A
[Liz(1-y)j2—y)M2y—-1)j2—y)][M]204, spinel structure, has two cation
sites, tetrahedral and octahedral. When the crystal structure
changes from a layered into a spinel structure, some of the cations
have to move from the octahedral into the tetrahedral sites accord-
ing to reaction (1). A nickel ion with a high valence is unstable,
and is likely to decrease the valence accompanied by the oxygen
release. So, the bond between the nickel and oxygen breaks and
the nickel ion moves from the octahedral site into the tetrahedral
one according to reaction (2)[11,19].

For a high nickel content and y over 0.5, the amount of nickel
moving from the octahedral into the tetrahedral sites is large
enough to change the structure from a layered into a spinel struc-
ture, and the oxygen is released according to reaction (2) and
followed by that according to reaction (3).

In addition, the reason why high nickel content materials, x=0.6
and x=0.8, are likely to change from a spinel into a rock-salt struc-
ture at lower temperatures is attributed to the fact that a spinel
structure is unstable for a high nickel content material. Namely,
the valence of transition metals for a spinel structure, [Liz(1_yy2—_y)
My—1)j(2-y)][M]204, are a mixture of 3* and 4" at which nickel is
unstable. However, the valence of Ni became near 2* and stabilized
when the structure changed into the rock-salt, thus the structure
remained unchanged.

The discussion mentioned above showed a rather clear depic-
tion on the crystal structure change of Li;_yNixMn(; _yy2C0(1_x)202
(x=1/3, 0.6, 0.8; y=0.4, 0.6, 0.8) in connection with the composi-
tion and temperatures. However, some points have still not been
explicitly proved and further complementary data such as that on
the valence state of the transition metals is necessary to complete
the depiction. Although it has been stated that the high nickel con-
tent in layer-structured LiMO, causes thermal instability, Fig. 6
shows that such materials are stable as long as they have a less
delithiated state of less than y = 0.4. Therefore, the thermal stabil-
ity issue does not concern that for the discharged state but that for
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the charged and especially the overcharged states. From a practical
point of view, knowing how to control the thermal stability even
in the overcharged state is the key to taking advantage of the high
capacity densities of high nickel content cathode active materials,
as shownin Table 1. We expect that the partial substitution of a het-
ero atom for nickel will surely help to stabilize the crystal structure
by analogy with the case of LiMn;04 [26,27].

4. Conclusion

LiNixMn(; _xy2Co(1_x)202 (x=1/3, 0.6, 0.8) was prepared using a
solid state process. The discharge capacity densities of the prepared
samples increased according to the nickel content in the compo-
sition formulae. The thermal stabilities of the electrochemically
delithiated materials of Lij_yNixMnj_y)2Co(1_x)202 (x=1/3, 0.6,
0.8; y=0.4, 0.6, 0.8) were elucidated by XRD and TDS-MS. Decreas-
ing the lithium content and increasing the nickel content made the
temperature of the crystal structure decrease. The change in the
crystal structure accompanied the release of oxygen. We attributed
the reason for the instability of the high nickel content cathode to
the instability of the high valence of Ni, Ni3* and Ni**. Therefore, the
layered structure changes into a spinel one followed by rock-salt
structure accompanying the oxygen release, and the nickel valence
decreases. All these results suggest that it is essential to control the
nickel valence in order to utilize the high capacity density of these
materials.
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