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Abstract: A prismatic 204056-type high power lithium-ion battery was developed. Modified LiMn2O4 and carbonaceous 
mesophase sphere (CMS) were adopted as the cathode and anode, respectively. The effects of proportion of conductive carbon black 
in cathode and the rest time after discharge on the electrochemical properties of batteries were investigated. The electrochemical tests 
show that the proportion of conductive carbon black in cathodes affects the high rate capability and discharge voltage plateau 
distinctly. The battery with 3.0% of conductive carbon black in cathode shows excellent electrochemical performances when being 
charged/discharged within 2.5−4.2 V at room temperature. The discharge capacity at 20C rate is 94.4% of that at 1C rate, and the 
capacity retention ratio charged at 1C and discharged at 5C is 86.6% after 390 cycles at room temperature. The test result of impulse 
discharge at 50C for 5 s shows that the battery has outstanding high rate discharge performance when the battery is in the depth of 
charge of 90%, 75%, 60%, 45%, 30% and 15%. The battery also shows good charge performance. When the battery is charged at 
0.5C, 1C, 2C and 4C, the ratios of capacity for constant current charge are 98.4%, 96.4%, 91.0% and 72.9% of the whole charge 
capacity, respectively. In addition, the rest time after discharge affects the cycle performance distinctly when the battery is discharged 
at high rate. 
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1 Introduction 
 

During the last decade, LiCoO2 has been 
extensively used as cathode material for cellular phones 
and notebook-type computers or other small size 
batteries due to its high energy density and perfect 
cycling performance. Recently, safety has become a 
major concern for lithium ion batteries. Due to the poor 
safety and high cost for LiCoO2[1−2], it is likely that 
LiCoO2 cathode material is not suitable for batteries used 
in power tool, miner’s lamps, electric vehicles(EVs) and 
hybrid electric vehicle(HEVs). Spinel LiMn2O4 has been 
extensively investigated as cathode for power tools, 
miner’s lamps, EVs, etc, for its high voltage, low cost, 
good safety and no toxicity[3−6]. Nevertheless, LiMn2O4 
suffers from capacity fading, which limits its 
reversibility[7−9]. In order to improve the cycling 
performance, some researchers put forward modified 
methods of LiMn2O4 by doping with 3d metal ions (Cr, 
Fe, Ni, Co)[10−11], and coating with SrF2[12], AlPO4 

[13], SiO2[14] or SnO2[15]. Nowadays, the demand for 
the high-power batteries for electrical toys and power 
tools is growing prominently. Therefore, it is significant 
to develop high-power batteries for their promising 
utilization. 

In this work, the commercial modified LiMn2O4 
cathode material was selected and the effect of the 
process conditions, such as the proportion of conductive 
carbon black in cathodes and the rest time after discharge, 
on the electrochemical properties of batteries was 
investigated. 

 
2 Experimental 
 
2.1 Methods 

The particle morphologies of modified LiMn2O4 
(From Hunan Shanshan Advanced Material Co. Ltd., 
China) and carbonaceous mesophase spheres (CMS, 
from Shanghai Shanshan Technology Co. Ltd., China) 
powders were observed using a scanning electron 
microscope (JOEL, JSM−5600LV). 
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2.2 Fabrication and electrochemical tests of 204056- 
type prismatic batteries 
For cathode preparation, the modified LiMn2O4 

powder was mixed with different proportions of 
conductive carbon black, 2% of squama graphite and 5% 
of polyvinylidene fluoride (PVDF) in N-methyl 
pyrrolidinone (NMP) in order to obtain uniform slurry. In 
succession, the slurry was coated onto aluminum current 
collector. For anode preparation, the CMS powder was 
mixed with 3.0% conductive carbon black and 6% 
bonding agent of LA133 (From Chengdu Indigo Power 
Sources Co. Ltd., China) in water. Then, the slurry was 
coated onto copper current collector. After coating, the 
cathode and the anode were dried in vacuum for 12 h at 
130℃ and 105 ℃, respectively. The cathode and the 
anode were pressed with a bulk density of 2.55 g/cm3 
and 1.25 g/cm3, respectively. Finally, the cathode and 
anode were assembled into 204056-type prismatic 
batteries using Celgard 2300 as separator and 1 mol/L 
LiPF6 in EC+DEC+DMC with 11׃1׃ volume ratio as 
electrolyte. Before the electrolyte was injected, those 
semi finished batteries were dried at 80 ℃ for 48 h. 

The batteries were charged/discharged between 2.5 
and 4.2 V with 0.02C as cut-off current of charge at room 
temperature. The rate capability, charge performance and 
cycle performance were characterized. 
 
2.3 AC impedance test of cathode with different 

proportions of conductive carbon black 
The cathodes after pressing were assembled into 

CR2025 coin-type cells with the counter electrode of 
metallic lithium foil in a dry Ar-filled glove box. The 
separator and electrolyte were the same as the 
204056-type prismatic batteries. The cells were charged 
and discharged for two cycles for activation at 0.2C 
current rate over a voltage range of 3.0−4.2 V vs Li/Li+ 
electrode at room temperature. 
 
3 Results and discussion 
 
3.1 Morphology analysis 

Fig.1 shows the particle morphologies of modified 
LiMn2O4 and CMS powders using scanning electron 
microscope. It can be seen from Fig.1(a) that the primary 
particles of modified LiMn2O4 are around 0.4−2.0 μm 
and have perfect shape of spinel. It can be seen from 
Fig.1(b) that the secondary particles of CMS are about 
8−15 μm, which are glomeration congregated tightly by 
primary particles. 
 
3.2 Effect of proportion of conductive carbon black in 

cathode on electrochemical properties of batteries 
Fig.2 shows the discharge rate capability of 

batteries with different proportions of conductive carbon 

 

 
Fig.1 SEM images of cathode and anode material samples:   
(a) Modified LiMn2O4; (b) CMS 
 

 

Fig.2 Discharge capacity ratios of batteries with various 
proportions of conductive carbon black in cathode at different 
current rates (Charge rate: 1C) 
 
black in the cathode. It can be seen from Fig.2 that the 
discharge capacity at high rate increases with the 
increase of conductive carbon black from 1.5% to 3.0%. 
While the proportion of conductive carbon black 
increases to 3.5%, the discharge capacity decreases 
slightly. This phenomenon can be explained from the two 
aspects of electronic conduction and ion conduction as 
follows. Obviously, the increase of the proportion of 
conductive carbon black contributes to the electronic 
conduction. So, the discharge capacity increases 
prominently at first. However, the voidage of the cathode 
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that is pressed with fixed bulk density becomes small by 
increasing the proportion of conductive carbon black, 
because the density of conductive carbon black is lower 
than that of LiMn2O4 powder. Therefore, decreasing 
voidage of the cathode is difficult for ion conduction. 

Fig.3 shows the EIS of cathode (tested at 
half-charged state). It can be seen from Fig.4 that the 
electrochemical impedance of the cathode decreases and 
then rises with the increase of the proportion of 
conductive carbon black in the cathode from 1.5% to 
3.5%, which can interpret the phenomenon in Fig.2 
further. 
 

 
Fig.3 EIS of cathode (tested at half-charged state) 

 
3.3 Electrochemical properties of batteries with 3.0% 

of conductive carbon black in cathode 
Fig.4 shows the discharge curves of the battery with 

3.0% of conductive carbon black in the cathode has 
excellent rate capacities. The discharge capacity at 20C 
rate is 94.4% of that at 1C rate. Table 1 lists the 
capacities and median voltages of discharge curves at 
various current rates. The rate capacity and voltage 
decline as the current rate of discharge rises. 
 

 

Fig.4 Discharge curves of batteries with 3.0% of conductive 
carbon black in cathode (Charge rate: 1C) 

Table 1 Discharge capacities and median voltages at various 
current rates 

Current rate
Capacity/ 
(mA·h) 

Capacity retention 
ratio/% 

Median
voltage/V

1C 2 162 100 3.87 

2C 2 143 99.2 3.82 

5C 2 131 98.6 3.70 

10C 2 122 98.2 3.58 

15C 2 083 96.4 3.46 

20C 2 041 94.4 3.32  
 

Fig.5 shows the cycling performance of batteries 
with 3.0% of conductive carbon black in cathode. It can 
be seen from Fig.5 that the batteries also have good 
cycling performance with capacity retention ratio of 
86.6% when being charged at 1C and discharged at 5C 
after 390 cycles at room temperature. Fig.6 shows the 
impulse discharge curves at 50C for 5 s at the depth of  
 

 

Fig.5 Cycling performance of batteries with 3.0% of 
conductive carbon black in cathode (Charge rate: 1C; 
Discharge rate: 5C) 
 

 

Fig.6 Impulse discharge of battery with 3.0% of conductive 
carbon black in cathode (Discharge at 50C for 5 s at depth of 
charge of 90%, 75%, 60%, 45%, 30% and 15%, and discharge 
at 10C in other depths of charge) 
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charge of 90%, 75%, 60%, 45%, 30% and 15%, and 
discharge curves at 10C at other depths of charge. It can 
be seen from Fig.6 that the batteries have the outstanding 
high-current rate discharge performance. Fig.7 shows the 
charge curves of the battery with 3.0% of conductive 
carbon black in cathode at different rates. It can be seen 
from Fig.7 that when being charged at 0.5C, 1C, 2C and 
4C, the capacities of constant current charge are 98.4%, 
96.4%, 91.0% and 72.9% of the whole charge capacity, 
respectively. 
 

 
Fig.7 Charge curves of battery with 3.0% of conductive carbon 
black in cathode at different rates (Discharge rate: 1C) 
 
3.4 Effect of rest time after discharge on cycling 

properties of batteries with 3.0% conductive 
carbon black in cathode 
An interesting result is observed in the cycle curves 

at various discharge current rates ranging from 1C to 
20C, as shown in Fig.8. Being charged at 1C and 
discharged at various current rates, the battery maintains 
a steady discharge capacity at the discharge rates from 
1C to 10C. While discharge current rate is 15C or 20C,  
 

 

Fig.8 Cycling performance of battery with 3.0% of conductive 
carbon black in cathode discharged at various current rates 
(Charge rate: 1C) 

capacity rapidly declines at each discharge rate, 
especially at 20C. The battery shows good cycling 
performances again when the discharge current is 
reduced to 1C, which shows that the structure and 
properties decay little. Much effort is made to understand 
this phenomenon, and it is found out that the rest time 
after discharge at high current rate affects the capacity 
retention ratio obviously. 

Fig.9 shows the cycling performance of batteries 
with 3.0% of conductive carbon black in cathode tested 
with different rest time after discharge at 15C. It can be 
seen from Fig.9 that capacity retention ratio increases 
with the increase of the rest time after discharge. This 
phenomenon can be interpreted by electrolyte imbalance 
which results from discharging at high current rate. 
When the discharge current goes up, the electrolyte 
imbalance becomes greater. This will lead to increasing 
polarization of batteries, and can also interpret the 
phenomenon that the capacity declines rapidly when 
being discharged at 20C (Fig.8). It is obvious that the 
cycling performances tested at 15C and 20C become 
better with the increase of the rest time after discharge 
from 1 h to 4 h, as shown in Fig.9. 
 

 
Fig.9 Cycling performance of batteries with 3.0% of 
conductive carbon black in cathode tested with various rest 
time after discharge at 15C(a) and 20C(b) (Charge rate: 1C) 
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4 Conclusions 
 

1) A prismatic 204056-type high power lithium- 
ion battery is developed by using modified LiMn2O4 as 
cathode and CMS as anode. When the cathode contains 
3.0% of conductive carbon black, the electrochemical 
performances of batteries are the best.    

2) The discharge capacity of battery at 20C is 94.4% 
of that at 1C, and the capacity retention ratio of battery  
charged at 1C and discharged at 5C is 86.6% after 390 
cycles at room temperature.  

3) The capacity retention ratio increases with the 
increase of rest time after discharge at high current rate. 
The capacity retention ratios of battery charged at 1C and 
discharged at 15C and 20C, respectively, both increase as 
the rest time after discharge increases from 1 h to 4 h. 
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