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As a cathode material of lithium rechargeable batteries, charged Li[Coo.iNio.i5Lio.2Mno.55]02 electrodes, which 
were aged thermally at 25 °C and 90 °C respectively, were characterized by means of charge/discharger, 
imped찼nee spectroscopy, and X-ray diffraction. The discharge capacity diminution of the electrodes aged at 25 
°C and 90 °C for 1 week was 4% and 23%, respectively. The cell aged at 25 °C was recovered on cycling. 
However, the capacity loss after ageing at 90 °C was not recovered in a subsequent cycling test, which 
demonstrates that the reaction occurring during ageing at 90 °C is irreversible. A significant impedance increase 
of aged electrode at 90 °C is associated with irreversible capacity loss. The structural changes including phase 
transformation were not detected by XRD analysis, because it could be due to out of detection limit. After 
ageing, impedance was slightly decreased during subsequent cycling test. It could be explained the cyclic 
performance of aged sample is stable. The thermal stability was not deteriorated by ageing even at the high 
temperature of 90 °C.
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Introduction

Mn-based layered oxides are of intere마 as the cathode 
material for lithium ion batteries due to their low cost, safety, 
and environmental compatibility?-16 In particular, their 
higher specific capacity compared to commercial cathode 
materials such as LiCoO2 is an impressive benefit. Several 
methods have been used to prepare Mn-based layered oxides 
such as hydroxide co-precipitate4?:, and simple combustion 
methods^11-16 and stable cyclic performance and structural 
stability were achieved by earlier research. However, further 
investigation of other essential properties, such as thermal 
stability and ageing properties in the charged state, is 
necessary for commercialization.

In this paper, studies of the ageing properties of a Mn- 
based oxide at room temperature and 90 °C are presented. 
During the ageing period in the charged state, chemical 
reactions between the electrolyte and the surfaces of both 
electrodes reduce the amount of electricity, which is likely to 
have an adverse impact on the electrochemical characteri­
stics. Moreover, if the ageing temperature is increased, the 
chemical reactions in the cell can damage the structural 
stability of the cathode or anode materials affecting capacity 
and cycle life. In this paper, the ageing properties of 
Li[Coo.iNio.i5Lio.2Mno.55]02 cathode material prepared by a 
simple combustion method was characterized. In our 
previ이is work,1 Li[Coo.iNio.i5Lio.2Mno.55]02 was found to 
have a high discharge capacity and stable cycle life. There­
fore, it is a promising Mn-based oxide material with a 
layered structure. The substitution of some portion of the 

transition metal ions with lithium ions in the transition metal 
layer leads to high discharge capacity The ageing properties 
of LiCoO2 and LiMn2O4 at 75 °C were investigated by XRD 
and TEM analysis,17 and those of LiNio.5Mn1.5O418 and 
LiNio.sCoo. 15AI0.05O219 were characterized by an impedance 
analyzer However, to the best of our knowledge, Li[Coo.i- 
Nio.i5Lio.2Mno.55]02 and its derivative systems prepared by a 
simple combustion method have not been investigated. The 
charge retention of Li[Coo.iNio.i5Lio.2Mno.55]02 was investi­
gated after ageing at room temperature and 90 °C. DSC, 
XRD, and impedance analysis were also performed to 
understand the ageing mechanisms.

Experimental

Li[Coo.iNio.i5Lio.2Mno.55]02 (expected composition) was 
prepared by a simple combustion method from manganese 
acetate tetrahydrate [Mn(CH3CO2)2,4H2O], nickel(II) nitrate 
hexahydrate [Ni(NO3)2,6H2O], cobalt(III) nitrate hexahyd­
rate [Co(NO3)2,6H2O], lithium nitrate [LiNCb], and lithium 
acetate dihydrate [CH^COzLi^HzO], The starting materials 
were dissolved in distilled water and the solution was heated 
to 100 °C until it formed a viscous get The gel was fired at 
400 °C for 1 hr and a vigorous decomposition process 
occurred resulting in an ash-like powder The decomposed 
powder was ground and heated at 500 °C for three hours. 
The obtained powder was reground and heated at 900 °C in 
air for 5 hr. Then, it was quenched to room temperature. 
Powder image was observed by electron transmission micro­
scopy (CM 20 TEM, Philips, 200 KV).
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For the preparation of the positive electrode, 0.25 g of 
polyvinyl difluoride (Aldrich) was dissolved in about 12 mL 
of N-methyl-2-pyrrolidone for 1 hr and then 4.5 g of the 
sample powder and 0.25 g of Super P black (MMM Carbon 
Co.) were added. After 24 hr of ball mill processing, the 
viscous slurry was coated onto aluminum foil using a doctor 
blade and dried at 90 °C in an oven. The obtained cathode
film was hot pressed at 100 °C. The thickness of the cathode 
film was about 30 p.m. The electrochemical cell was 
assembled in a dry room using the above positive electrode, 
lithium, a porous polyethylene film, and a 1 M LiPFe 
solution in 1:1 volumetric ratio of ethylene carbonate/ 
dimethyl carbonate. Cells were subjected to galvano아atic 
cycling using a Toyo charge-discharge system before and 
after storage. All ageing te아 cells were initially cycled in the 
voltage range of 4.8-2.0 V and then charged to 4.6 V The 
charged cells were stored in a chamber maintained at a 
constant temperature of 25 °C or 90 °C fbr a week for the 
ageing test. The impedance measurement was carried out by 
a impedance/grain phase analyzer (Solartron SI 1260) in 
conjunction with a potentiostat (Solartron SI 1287) equipped 
with Z-view software, where an AC voltage of 5 mV 
amplitude was applied over the frequency range of 0.1 Hz to 
100 KHz. • 

X-ray diffraction (XRD) patterns were obtained on the 
cathode electrode using a Philips X-ray diffractometer in the
20 range of 15° to 70° with monochromatized Cu-K« 
radiation (4= 1.5406 A). Differential scanning calorimetry 
(DSC) samples fbr the cathode were prepared by charging 
the cells to 4.6 or 4.8 V at the slow rate of 0.05 C. These 
cells were then disassembled in a dry room to remove the 
charged positive electrode. 5 mg of the positive electrode 
(4.5 mg of cathode powder) and 3 #L of fresh electrolyte 
were sealed in a high pressure DSC pan. The heating rate 
and temperature range of the DSC tests were 5 °C/min and 
25-300 °C, respectively.

Results and Discussion

The bright field transmission electron microscopy image 
of Li[Coo. iNio. 15Lio.2Mno.55jO? powders is shown in Figure 1. 
The powders were made up of 0.1-0.2 //m primary particles 
and the powder size ranged from 03-0.6 Small particle 
size may lead to good rate performance when used fbr high 
power lithium batteries. Before the ageing test, the cells 
were initially charged to 4.8 V and then discharged to 2.0 V. 
Some of the Mn-based oxide with a layered structure 
including Li[Coo.iNio.i sLio^MnojslO? showed an irreversible 
initial charge-discharge profile. Therefore, the ageing te아 

was performed after one cycle to prevent side effects by the 
initial irreversible reaction. The origin of this irreversible 
reaction has been previously reported.4'8 After the initial 
cycle, the cells were charged to 4.6 V and stored at a 
constant temperature of 25 °C or 90 °C for 1 week. For initial 
cycling, a cut・o任 voltage of 4.8 V was used to generate 
enough initial irreversible reaction, which resulted in an 
increase of discharge capacity?-응 However, electrolyte can

Figure 1. TEM bright field image of Li [Coo.iNio. i5Lio.2Mn0.55]02 
powder.
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Figure 2. (a) The discharge profiles measured before and after 
ageing, (b) Cyclic performance for the Li [Coo.iNio. 15Lio.2Mno.55] O2 
electrode measured before and after ageing in the voltage range of 
4.6-2.0 V at a current density of 100 mAg-1. All samples were 
pretreated with initial cycling in the voltage range of 4.8-2.0 V and 
then charged to 4.6 V before testing.

be easily decomposed during the ageing period at the high 
charge voltage of 4.8 V. Therefore, a slightly lower cut-off 
voltage of 4.6 V was applied fbr the ageing test to reduce the 
effects originating from electrolyte decomposition on 
electrochemical properties. Considering that LiCoO? with a 
layered structure similar to Li[Coo.iNio. 15Lio?Mno.55]02 
decomposed at cell voltages higher than 4.35 Y17 the 
charged 아ate at 4.6 V is sufficient to check the resistance of 
the samples to ageing effects.
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The discharge profiles for the samples before and after 
ageing are presented in Figure 2a. The open circuit voltage 
(OCV) measured right after the charge process was 〜4.48 V 
The discharge capacity of the sample charged to 4.6 V 
before ageing was 〜260 mAhg-1 at a current density of 40 
mAg-1 with a 0.2 C rate. As expected, the open circuit 
voltage and discharge capacity for aged samples decreased 
depending on the ageing conditions. The OCV and discharge 
capacity for the sample aged at 25 °C for 1 week were 〜4.3
V and 250 mAhg-1, respectively. Meanwhile, the decrease of 
OCV and discharge capacity for the sample aged at 90 °C for 
1 week were more significant. The OCV decreased to 〜3.8
V and the discharge capacity dropped to 200 mAhg-1 at the 
specific current of 40 mAg-1 with a 0.2 C rate. Capacity loss 
during ageing at 90 °C was about 23%. It is not surprising 
that the ageing effect for the cell aged at 90 °C is more 
prominent, because the chemical reaction between the 
electrolyte and the surface of both electrodes will increase at 
higher temperatures. The ageing effect on cyclic performance 
was inve아igated as shown in Figure 2b. The measurements 
were carried out at a constant current density of 100 mAg-1 
with a 0.5 C rate which, in order to reduce te아 time, were 
higher than the measurement conditions of the discharge 
profile shown in Figure 2a. The cell aged at room temper­
ature seems to be recovered on subsequent cycling process. 
A slightly lower discharge capacity, less than 5% lower than 
that of the cell before ageing, was observed during several 
cycles but it was almost fiilly recovered after the 15th cycle. 
The capacity loss accelerated with ageing at 90 °C and it was 
not perfectly recovered on subsequent cycling, indicating 
that there was irreversible capacity loss. Some portion of the 
capacity loss on ageing is due to re-intercalation of lithium 
ions into the cathode from the electrolyte with charge 
transfer. However, considering the irreversibility of capacity 
loss, this effect is unlikely to be due solely to a chemical 
reaction involving charge transfer between the electrolyte 
and the electrode because charge transfer could be reversibly 
recovered. Thus, it is obvious that other reactions lead to the 
irreversible capacity loss during the ageing process. One of 
the intriguing observations is the fact that the ageing process 
did not deteriorate the cyclic property. On the contrary, the 
capacity difference between the aged cell and un-aged cell 
decreased with an increase of cycles. Despite some irrever­
sible capacity loss, the damage of electrochemical properties 
induced by ageing is not critical, considering the fact that the 
cell still delivered considerable capacity in subsequent 
cycling after the storage test.

AC impedance analysis is a powerful technique to deter­
mine the kinetic parameters of the electrode process.20'23 
Figure 3 presents impedance spectra for the Li[Coo.iNio.i5- 
Lio.2Mno.5MO2 electrode in the charged 아ate of 4.6 V before 
and after storage. Generally, impedance spectra for the 
lithium battery te아 cell containing cathode material exhibit 
two semicircles and a line inclined at a constant angle to the 
real axis. The equivalent circuit for this cell system is 
depicted in Figure 4a. In the equivalent circuit, Rb is the bulk 
resistance of the electrolyte, separator, and electrode.

—□— Before aging
―•— After storage 그t 25°C for 1 week
—After storage at 90°C for 1 week
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Figure 3. Nyquist plot for the cell containing the Li[Coo.iNio.i5- 
Lio^Mno.5s]02 electrode before and after ageing at 25 °C or 90 °C 
for 1 week. The high frequency range is enlarged in the below 
응raph.

and Rsei, which correspond to the first semicircle at high 
frequency, have experienced the capacitance and the resis­
tance of the solid-state interface layer, which is formed in the 
highly charged 아ate due to a passivation reaction between 
the electrolyte and the surface of the electrode,"*〉 

However, some researchers have reported that the first semi­
circle is related to particle-to-particle contact resistance.26^7 
Cai and Ra, which is associated with the second semicircle at 
a medium frequency, are the double layer capacitance and 
charge transfer resistance. W is the Warburg impedance 
arising from the semi-infinite diffusion of Li ions in the 
positive electrode, which is generally indicated by a straight 
sloping line in the low frequency region.

The impedance plot before ageing shows two partially 
overlapped semicircles and a straight sloping line. Although 
not very noticeable, both semicircles of the impedance 
spectrum increased slightly after ageing at 25 °C. The 
increase of impedance of the cell aged at 90 °C was more 
prominent. Two partially overlapped semicircles changed to 
one depressed extra large semicircle suggesting a dramatic
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Figure 4. (a) lypical equivalent circuit for the cell system and (b) 
the change of the impedance spectra of the a옹ed cell at 90 °C upon 
subsequent cycling testing. The charge and discharge were carried 
out at a 0.5 C rate in the voltage range of 4.6-2.0 V and the 
measurement was performed in the discharged state (2.0 V).

increase of CSei> R$ei, Cdi, and Ra due to the ageing effect. It is 
presumed that structural change of active material, chemical 
dissolution of transition metal ion, surface film formation, 
and oxidation of electrolyte may result in a remarkable 
increase of impedance during ageing at 90 °C.26?28'31 When 
the temperature is increased, the oxidizing properties of the 
positive electrodes against the electrolyte become the most 
important ageing factor,32 which may contribute to the 
deterioration of the discharge capacity after ageing at 90 °C.

Figure 4b shows the change of the impedance spectra of 
the aged cell at 90 °C during a subsequent cycling test. 
Charge and discharge was carried out at a 0.5 C rate in the 
voltage range of 4.6-2.0 V and the measurements were 
performed at a discharged 아ate to 2.0 V. The electrochemi­
cal reaction of the cathode material proceeds as an insertion 
reaction of lithium ions in the metal oxide on cycling. The 
insertion/extraction of lithium ions leads to changes in the 
molar volume of the materials, which may induce mecha­
nical stress and strain to the oxide particles. In addition, the 
phase transition can occur on cycling resulting in a distortion 
of the crystal lattice and further mechanical stress. Thus, the 
impedance of the positive electrode generally increased 
during cycling.26 In contrast, the impedance of the aged cell 
at 90 °C was somewhat decreased during subsequent 
cycling. This may be attributed to the de아ruction of some 
portion of the surface film induced by high temperature 
storage because of the contraction and expansion of the 
volume of the electrodes during the intercalation and 
deintercalation process. Other factors, such as structural
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Figure 5. XRD patterns for the Li [Coo.iNio. i5Lio.2Mn0.55]02 
electrode before and after ageing. All samples were in the fully 
charged state (4.6 V).

change, dissolution of metal oxide ions, and surface reaction 
with electrolyte, can affect on impedance of the electrode, 
but these factors is not likely to be improved during cycling. 
There is no doubt that a surface film can be formed during 
prolonged cycling. However, this effect is negligible when it 
compared with the surface film effect originating from high 
temperature storage. This observation is consistent with the 
good cyclic properties of the sample aged at 90 °C, as shown 
in Figure 2b.

The structural changes for the folly charged Li[Coo.iNio.i5- 
Lio?Mno.55]02 electrode during ageing at 90°C was observed 
by XRD as shown in Figure 5. The electrode was prepared 
by disassembling the folly charged cell at 4.6 V before and 
after ageing. The peaks of the diffraction pattern of the post 
aged sample shifted to a lower anle and became slightly 
broad. The shift of peaks is likely due to lattice expansion 
induced by the re-intercalation of lithium ions into the 
structure from electrolytes, which is responsible for the 
capacity loss after storage as shown in Figure 3b. However, 
since lithium intercalation is basically reversible, it alone can 
account for the reversible capacity loss. The irreversible loss 
of capacity after storage can be explained by the irreversible 
reaction. The increase of impedance induced by a number of 
changes on the cathode due to ageing was detected in Figure 
3. However, we cannot observe any peak that can be assign­
ed to an impurity formed from an irreversible reaction. 
Considering the impedance analysis, it is possible that some 
structural change is induced by ageing at high temperature. 
However, its structural change could be not detected in XRD 
analysis due to its detection limit, otherwise it is not serious 
and/or occurs only on the surface of the electrode.

The thermal stability of the folly charged Li[Coo.iNio.i5- 
Lio?Mno.55]02 electrode was tested by performing a differ­
ential scanning calorimetry (DSC) measurement. The thermal 
아ability of cathode materials, especially in the charged 아ate, 
is an important factor for practical applications. Figure 6a 
displays the DSC profile of the charged sample before
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Figure 6. Differential scanning calorimetiy (DSC) profiles of 
Li[Coo, iNio.i5Lio.2Mno.55]02 electrode (a) before ageing and (b) 
after ageing. All samples were in the fully charged state (4.6 V).

storage. The sample 아arted thermally reacting with the 
electrolyte around 180 °C and proceeded to thermal runaway 
at 232 °C. One large and two small exothermic peaks 
produced 1,715 Jg-1 of heat. The storage effect at 90 °C for 
one week on the DSC profile is displayed in Figure 6b. The 
differences of the exothermic peaks' shapes before and after 
ageing were very small. The intensity of the major peak was 
somewhat decreased and all exothermic peaks produced 
slightly less heat (1,669 Jg-1) after the storage process, 
which shows the thermal stability of the sample was not 
exacerbated by the storage process at 90 °C.

Conclusions

The electrochemical and structural properties of a 
Li[Coo.iNio.i5Lio?Mno.55]02electrode were examined before 
and after the ageing process at room temperature and 90 °C. 
The discharge capacity of the cell containing the Li[Coo.i- 
Nio.i5Lio?Mno.55]02electrode decreased upon ageing at 25 °C 
and 90 °C due to a number of ageing effects. The capacity 
loss of the cell aged at 25 °C was nearly recovered upon 
subsequent cycling. However, that of the cell aged at 90 °C 
displayed irreversibility, demonstrating that an irreversible 
reaction occurred during the ageing period. The impedance 
of the cell was dramatically increased after ageing at 90 °C. 
It could be possible that some structural change was induced 
by ageing at high temperature. However, that was not 
detected by XRD analysis due to its detection limit The 
thermal stability of the Li[Coo. iNio. 15Lio.2Mno.55lO? electrode 
was sustained during the high temperature ageing process.
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