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Abstract 

LiCoO2, LiNiO2 and LiMn204 are all stable in air to high temperatures. By contrast, LixCoO2, LixNiO2 and Li~Mn204 (x< 1 ) 
are metastable and liberate oxygen when they are heated in air or in inert gas. The temperature at which oxygen evolution occurs 
depends on x and on the material. Using thermal gravimetric analysis and mass spectrometry, we have studied the thermal 
decomposition of these materials in inert gas. We find that the nickel materials are least stable, the manganese compounds are 
most stable, and that the cobalt compounds show intermediate behaviour. These results have important consequences for the 
safety of Li-ion cells, and suggest that cells using LiMn204 as the cathode should be safer than those using LiNiO2 or LiCoO2. 

1. Introduction 

Lithium-ion cells are currently the state-of-the-art 
in small rechargeable power sources for consumer 
electronics. They have the highest energy density of  
any commercially available rechargeable electro- 
chemical cell. They have an operating voltage near 4 
V and have been shown to have long cycle life [ 1-5 ]. 
Such cells use a lithium transition metal oxide (either 
LiCoO2, LiNiO2 or LiMn204) as the positive elec- 
trode and a form of carbon or graphite as the nega- 
tive electrode. 

Lithium-ion cells of small size have been demon- 
strated to be safe in consumer applications. Some re- 
searchers are even proposing that the Li-ion chemis- 
try is suitable for large cells, such as those for electric 
vehicles. However, it must be noted that the safety of 
the small consumer cells has only been achieved with 
carefully designed cell safety features. For example, 
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the LiCoO2/carbon cell produced by Sony Energytec 
has a pressure activated disconnect to prevent over- 
charge of the cell [6 ]. As the cells are charged above 
4.2 V, pressure is generated by the decomposition of 
electrolyte and cathode additives to the cell [ 7 ]. Once 
the pressure reaches a critical value, the disconnect 
activates and prevents current flow to the cell. Why 
is such a feature necessary? In earlier work on Li- 
NiO2/carbon coin cells, we learned that such cells 
could be made to vent violently ifa spot welder pulse 
were applied to the positive (lithium nickel oxide) 
cell case after the cells were charged to create 
Lio.aNiO2 [8]. We reported that Lio.aNiO2 is un- 
stable at high temperatures and can liberate oxygen 
into an electrolyte heated above its flash point, lead- 
ing to a violent reaction. The amount of oxygen re- 
leased on heating increases as x decreases in LixNiO2, 
so it is important to keep x from getting too small. It 
is our opinion that a pressure disconnect is required 
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to prevent x in LixCOO 2 from decreasing substan- 
tially below 0.5 for the same reason. Furthermore, it 
has been shown that the reversibility of LixCoO2 is 
good for 0 . 4 < x <  1, but that it degrades rapidly for 
x<0 .3  (See Fig. 2b in Ref. [9] ). This could also be 
caused by the instability of LixCoO2 to oxygen release. 

Other workers have noticed the sensitivity of 
Li,,NiO2 and Li,,CoO2 to heating. Recently, Wain- 
wright [10] completed a study of the behaviour of 
LixNiO2/carbon and LixCoO2/carbon coin cells ex- 
posed to spot welder pulses on the positive electrode 
cell case. He showed that the welder power needed to 
initiate cell venting decreased significantly as x in 
LixMO2 (M = Ni, Co ) decreased. This was caused by 
a decrease in the stability of these materials to oxygen 
loss on heating, as x is decreased. There is no doubt 
that the oxygen release from these materials consti- 
tutes a problem that must be addressed to make cells 
abuse-tolerant. The appearance of recent patent ap- 
plications [ 11 ] describing means of improving the 
safety of LiCoO2/carbon cells in overcharge situa- 
tions further underscores the importance of under- 
standing the thermal decomposition of Li,~VIO2 
compounds. 

In a recent work, Morales et al. [12] studied the 
thermal behaviour of Li~_~Ni2_xO2 samples made 
initially from Li~Ni2_xO2 where x was 0.77. Values 
o f y  ranged from 0 to 0.5. For y<0.4,  the materials 
decomposed, liberating oxygen, above 400°C. For 
0 .4<y<0.5 ,  a significant weight loss was seen near 
250°C. This was associated [ 12] with the release of 
oxygen necessary for the formation of a spinel phase 
related to LiNi204 [ 13 ]. For y <  0.4 in these samples 
no oxygen release near 250°C is required to form the 
spinel phase. Above 400°C, all samples of 
Lix_fl~li2_xO2 were thought to undergo the following 
reaction: 

Li~_yNi2_,,O2 :~Lix_yNi2_xO2_y + (y/2)02. 
(1) 

Li~_,Ni2_xO2_y is a member of the rock-salt-related 
solid solution Lifl~li2_zO2, which has equal numbers 
of  cations and anions. The crystal structure of this 
solid solution series has been carefully studied as a 
function of z [ 14,15 ]. 

It is difficult to apply the results of [ 12 ] directly to 
the safety of Li-ion cell cathode materials, because 
those are generally made as stoichiometric as possi- 

ble. Lio.77Nil.230 2 (used in the Morales et al, [13] 
study) has substantial amounts of  nickel atoms in the 
layers normally only occupied by lithium in LiNiO2 
[14,15]. These misplaced nickel atoms significantly 
reduce the specific capacity of the electrode material 
over that of approximately stoichiometric LiNiO2 [ 8 ] 
and such materials are therefore not generally used 
in practical or prototype cells. It is also likely that the 
thermal behavior of Li l_yNiO2  will be significantly 
different from that of Lio.77_y]~il.2302. 

Here, we describe the thermal behaviour of Li~. 
NiO2, LixCoO2 and ~.-MnO2. ~.-MnO2 is made by re- 
moving almost all of the lithium from LiMn204. Each 
of these materials evolves oxygen upon heating in in- 
ert gas. We discuss the implications of the results on 
the safety of Li-ion cells. 

2. Experimental 

LiNiO2 was made by reacting NiO and LiOH.H20 
at 700°C as described in Ref. [ 16 ]. LiCoO2 was pre- 
pared from Li2CO3 and C0304. LiMn204 was pre- 
pared by reacting MnO2 (Electrolytic Manganese 
Dioxide, Chemetals, Baltimore, Md., USA) and 
Li2CO3 at 750°C. The lattice constants of these start- 
ing materials are given in Table 1. 

Li~NiO2 and LixCoO 2 were  prepared electrochem- 
icaUy using the hardware described in [ 17 ]. First, a 
stainless steel wire mesh (80 wires per inch) was 
placed in the bottom of the cell container. Then two 
pieces of Celgard 2502 microporous film were placed 
on top of the mesh and a polypropylene sleeve insu- 
lator was pushed down on the separator. Then, 0.10 
g of a mixture of the starting material with 5% carbon 
black (Ensagri Super S) was carefully added on top 
of the separator, within the sleeve. The active ingre- 
dients and the separator were then wetted with IM 
LiPF6 dissolved in a 50/50 mixture of PC (propyl- 
ene carbonate) and DME (dimethoxyethane). An 

Table I 
Lattice constants of the starting materials 

Material a(A) c (A) 

LiNiO2 2.878 14.18 
LiCoO2 2.817 14.05 
LiMn204 8.240 cubic 
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aluminum contact plate was then inserted into the 
sleeve and pressed against the active powder layer by 
a spring. The compressed spring applied a pressure 
of  about 15 bar to the cell stack. No metallic Li is 
included in the cell as constructed, but once the cell 
is started on charge, metallic Li is electroplated within 
the holes of  the wire mesh and then the cell voltage 
can be used to monitor the lithium concentration in 
the electrode by comparing to previously measured 
voltage-composition (V(x)) curves ( [9]  for Lix. 
CoO2 and [18] for LiNiO2). Cells were typically 
charged at 0.25 mA to the voltage corresponding to 
the desired x, and then equilibrated at that voltage 
for about 10 h. For example, Lio.4CoO2 and Lio.3NiO2 
were prepared by charging to 4.4 and 4.2 V 
respectively. 

After equilibration, the cells were disassembled in 
a helium filled glove box and the active electrode 
powder recovered. The plated Li deposit in the stain- 
less steel mesh was used to check the uniformity of  
the sample. Only when uniform Li deposits were 
found, were the samples used. The recovered cathode 
powder was then rinsed with DME, vacuum dried and 
stored under argon. The use of  elastomeric binders in 
the cathode was rigorously avoided because we have 
observed spurious mass losses on heating of these 
samples in cases where binders were used. 

~.-MnO2 was prepared using the methods of Ref. 
[ 19 ]. 10 g of  LiMn204 was stirred in aqueous HC1 
solution (pH = 1 ) at 90"C for about 30 min. The ma- 
terial was then filtered, rinsed with water and vac- 
uum dried at 50"C. The lattice constant of the prod- 
uct was 8.05 A, in good agreement with literature 
values for ~.-MnO2. 

A TA instruments model 951 Thermal Gravime- 
tric Analyzer (TGA) was used for the thermal stabil- 
ity experiments. For some experiments, the gaseous 
products of  thermal decomposition were passed to a 
Leybold Quadrex 100 mass spectrometer, equipped 
with an atmospheric pressure inlet system. Using the 
mass spectrometer, we were able to identify the gases 
evolved. All TGA experiments were made under in- 
ert gas, either helium or argon. Scan rates ranged from 
0.25*C/min to 25*C/min. Some of  the TGA prod- 
ucts were analyzed by powder X-ray diffraction. 

3. Results 

In general, weight losses measured with the TGA 
were found to be almost entirely due to loss of  oxy- 
gen. Thus, weight loss readings from the TGA can be 
interpreted as the weight of  oxygen lost by the sam- 
ple. The only other weight losses were small. There is 
some desorption of CO2 from the LixNiO2 and 
LixCoO2 samples below 400"C and some combustion 
of carbon black above 450"C. For the ~.-MnO2 sam- 
ple, there is some release of  water near 150"C, prob- 
ably due to incorporated H atoms from the acid 
treatment process. Upon heating, these H atoms react 
with oxygen atoms in the MnO2, producing water. 

Fig. 1 shows TGA results for Li0.aNiO2 measured 
at four different heating rates. There are significant 
changes to the weight loss profile as the heating rate 
is changed. This is shown more clearly when dM/dT 
(derivative of  sample weight versus temperature) is 
plotted versus the sample temperature, as in Fig. 2 
for two of the four heating rates. Each of the peaks in 
Fig. 2 is due to the loss of  oxygen from the sample. 
Numerous peaks can be resolved in the derivative of  
the slow (0.5*C/min) scan, which points to a very 
complex decomposition process, involving the for- 
mation of several intermediate phases. Note that at 
low heating rates this material decomposes well be- 
low 200°C. 

Fig. 3 shows the TGA results for a series of  Lix. 
NiO2 samples with x=0.5 ,  0.4 and 0.3 respectively, 
all measured at a sweep rate of  20*C/min. The large 
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Fig. 1. TGA results for Lio.3NiO2 under helium at the four heat- 
in8 rates indicated. The data have been offset vertically by 2.5% 
sequentially for clarity. 
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Fig. 2. The derivative, dM/dT, versus temperature for two of the 
data sets shown in Fig. 1. 
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Fig. 3. The derivative, dM/dT, versus temperature calculated 
from TGA measurements on samples of  LixNiO2 with x = 0 . 3 ,  
0.4, and 0.5, as indicated. The data has been offset vertically for 
clarity. 

peak near 230°C shrinks as x increases and is absent 
for x=0 .5 .  It is well known that Lio.sNiO2 converts 
to spinel LiNi204 near 200°C [ 13]. For the x =  0.5 
sample, no weight loss is involved. For x < 0 . 5 ,  the 
conversion to spinel is apparently accompanied by 
oxygen release, because there are more than 4 oxygen 
atoms for 3 cations in such samples. At higher tem- 
peratures LixNiO2 then converts to members of  the 
series LixNi2_xO2 with further weight loss in a com- 
plex process. Further work is needed to understand 
the details o f  this conversion. Notice that the main 
peak in Fig. 3 shifts to lower T as x decreases. 

Fig. 4 shows the results o f  TGA measurements on 
Li0.4CoO2. The large weight loss near 250°C occurs in 
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Fig. 4. TGA results for Lio.4CoO2 under helium at the two heating 
rates indicated. The data have been offset vertically by 2.5% se- 
quentially for clarity. 
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Fig. 5. The derivative, dM/dT, versus temperature for the two 
data sets shown in Fig. 4. 

600 

what appears to be a single event. Fig. 5 shows the 
derivative, dMIdT, for the data of  Fig. 4. Examina- 
tion of  the heated product by X-ray diffraction after 
the 2°C/rain heating showed LiCoO2 and C0304, 
consistent with the reaction: 

LixCoO2 = ( 1 - x ) / 3  C0304 

+xLiCoO2 + ( l - x ) / 3  0 2 .  (2)  

However, the weight loss observed is substantially less 
than predicted by Eq. (2) ,  so the CO304 may be non- 
stoichiometric. All the LixCoO2 samples studied for 
0.4 < x < 0.6 showed the same behavior. All showed 
weight loss beginning near 220°C and all gave prod- 
ucts of  LiCoO2 and Co304. 
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Fig. 6 shows the TGA results for ~.-MnO2 heated in 
argon at two rates and Fig. 7 shows dM/dTversus T 
for the same two experiments. The small weight loss 
near 150°C was caused by water, as confirmed by the 
mass spectrometer. Only when the sample tempera- 
ture exceeded about 300°C, were we able to detect 
oxygen evolution. The water evolved near 150°C is 
most likely produced by the reaction of incorporated 
hydrogen (from the acid treatment to prepare ~,- 
MnO2) with lattice oxygen. The weight loss to 500°C 
in Fig. 6 is consistent with the reaction: 

~,-MnO2 = ½Mn2 03 + ~O2. ( 3 ) 

Tarascon and Guyomard [ 20 ] studied the thermal 
stability of ~,-MnO2 in air. They found that signifi- 
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Fig. 6. TGA results for k-MnO2 under argon at the two heating 
rates indicated. The data have been offset vertically by 2.5% se- 
quentially for clarity. 
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Fig. 7. The derivative, dM/dT, versus temperature for the two 
data sets shown in Fig. 6. 

cant oxygen release did not occur until over 400°C, 
in basic agreement with the results in Figs. 6 and 7. 
As expected, the oxygen release from ~-MnO2 starts 
at lower temperatures in argon than in air. 

Fig. 8 compares the oxygen release onset tempera- 
tures for Lio.3NiO2,  L io .4CoO 2 and ~-MnO2 as a func- 
tion of heating rate. We have taken the onset temper- 
ature to be that point where dM/dT=-0.02%/°C. 
These stoichiometries correspond to the minimum 
amount of lithium incorporated to ensure good elec- 
trochemical reversibility (i.e. typical fully charged 
state of these materials). That is, it is unlikely that 
lower values of lithium content would be encoun- 
tered in a practical Li-ion cell incorporating any of 
these cathodes. Fig. 8 shows that oxygen release from 
~.-MnO2 occurs at much higher temperatures than 
from the other materials. Therefore, we expect Li-ion 
cells using LiMn204 cathodes to be much more tol- 
erant of  electrical and thermal abuse than those with 
LiNiO2 or LiCoO2 cathodes. For completeness, Fig. 
9 compares dM/dTversus Tfor the 3 electrode ma- 
terials measured at a heating rate of 2°C/rain. This 
again shows the increased stability of ~.-MnO2 com- 
pared to Lio.3NiO2 and Lio.4CoO2. 

The results in Fig. 8 show that oxygen evolution 
from, for example, LixNiO2 occurs slowly at temper- 
atures near 150°C. If we extrapolate the line in Fig. 8 
which passes through the data for the nickel com- 
pound to lower heating rates, we can estimate the 
lifetime of  Lio.3NiO2 at lower temperatures. We as- 
sume that the lifetime at a particular temperature is 
approximately the inverse of the heating rate where 

400 

o 
"-4350 

~ 3 0 0  
,< 

n~250 

E--, 200-  

150- 
0 

100 

. . . . . . . .  i . . . . . . . .  i . . . . . . . .  i . . . . . . . .  , . . . . . . . .  

• k-Mn02 

L i o . 4 ~  

~ ~ Lio,aNi02 

. . . . . . . .  i . . . . . . . .  i . . . . . . . .  i . . . . . . . .  i . . . . . . .  
0.001 0.01 0.1 1 o 10 100 

HEATING RATE ( C / m i n )  
Fig. 8. The onset temperature for oxygen release for Lio.3NiO2, 
Lio.4CoO 2 and ~.-MnO2 as a function of sample heating rate. 
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Fig. 9. Comparing the derivative, dM/dT, versus temperature for 
Lio.3NiO2, Lio.4CoO2 and ~MnO2 Each data set was measured 
at a heating rate of 2*C/min under inert gas. The oxygen release 
onsets used in Fig. 8 are indicated in each graph. The first peak 
in the ~.-MnO2 data is due to H20 release. 

oxygen evolution will be seen at the same tempera- 
ture. The predicted lifetime at 100*C is then the or- 
der of  days for Lio.3NiO2, assuming the extrapolation 
is valid. This suggests that it will be difficult to make 
cells based on LiCoO2 or LiNiO2 which operate well 
at high temperatures. Tarascon and Guyomard [ 20] 
showed that although k-MnO2 does not evolve oxy- 
gen until near 400"C, it transforms to other phases of 
MnO2 upon heating. For example, near 190"C, ~.- 
MnO2 transforms to e-MnO2 which is believed to be 
electrochemically inactive. Therefore, it may also be 
difficult to operate cells using LiMn204 at elevated 
temperatures. 

4. Conclusions 

The TGA experiments described here show that 
each of LixNiO2, LixCoO2 and k-MnO2 liberate oxy- 
gen upon heating. The onset temperature for oxygen 
evolution is highest for ~.-MnO2. It is not desirable to 
have large amounts of oxygen liberated into Li-ion 
cells under abusive conditions, so it is important to 
minimize the rate at which oxygen can be generated. 

This can be accomplished by using LiMn204 instead 
of LiNiO2 or LiCoO2 as the cathode for Li-ion cells. 
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