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Abstract

A lithium secondary battery (Type Il cell) for hybrid electric vehicles (HEV) was developed on the basis of previous battery techniques
(Type | cell with amorphous carbon/LiyMn,0,). It used an improved cathode material and more advanced electrolyte. Cell performances of
the Type Il cell were evaluated and compared with a Type | cell of the same cell sizegi.@idtheter)x 108 mm (length). The Type Il cell
discharged 5.9 Ah, which was 1.5 times higher than the amount discharged by the Type | cell (3.8 Ah). The former had an input—output powel
of 800 W at 45% SOC (state of charge) and’@5which was 1.3 times higher than that of the latter (600 W at around 40%). Moreover, the
former had an input—output power of more than 100 W3 °C, though the Type | cell output power was only 50 W. A pulse charge—discharge
cycle test with 167 W input and 260 W output for a 30—70% SOC range and a storage test at 50% SOC were carried out at various temperature
for the Type Il cell. Less than a 15% DCR (direct current resistance) increase was observed in the pulse mode cycle test after 450 K cycles :
50°C. No more than a 25% DCR increase was detected after 240 days in the 50% SOC storage test e@&Tae6ictivation energies for
capacity change and DCR change in the storage test were also estimated for the Type Il cell.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2000Wkg ! and an energy density of 45Whkywhich

are acceptable values for realization of HEV applications

Large-scale lithium secondary batteries have been[3]. But, further progress in cell performance values is still

developed for energy-saving systems such as home-use loadrequired before large-scale lithium secondary batteries can
leveling systems, stationary backup systems and electric ve-be commercially marketed. Recently, we have developed the
hicles (EV) including power-assist hybrid electric vehicles next step large-scale lithium secondary battery (Type 1) for
(HEV) [1-3]. EV and HEV applications are the most chal- HEV applications by improving the cathode material and
lenging ones to realize, because they require not only high electrolyte.
energy density but also high power densi#y. We have This work presents the Type Il cell performance values
developed a large-scale lithium secondary battery (Type 1) including charge—discharge capacities, input—output power
employing a lithium manganese oxide cathode and an amor-properties, temperature dependency of input—output power,
phous carbon anode for EV and HEV applications. The Type capacity and direct current resistance (DCR) behavior in the
I cell (high power type) had an output density of more than pulse mode charge—discharge cycle test and storage life test

at various temperatures. We also evaluate the activation ener-

* Corresponding author. Tel.: +81 294 52 7551; fax: +81 20452 7632.  9i€s for capacity fading and DCR incrementing in the storage
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2. Experimental 3. Results and discussion
2.1. Cell preparation 3.1. Type Il cell performances

Cylindrical shape test cells having a 40 mm diameter and  Fig. 1 shows the charge—discharge voltage curves as a
108 mm length were fabricated using a modified lithium man- function of cell capacity. The Type Il cell had a similar dis-
ganese oxide cathode by substitutions of Mn with transition charge voltage curve to the Type | curve, though the capacity
metals, an amorphous carbon anode, and §.i@&mtaining of the Type Il cell was 1.5 times higher (5.9 Ah) than that
electrolyte for cell performance evaluation. The anode was of the Type | cell (3.8 Ah) due to the more favorable spe-
prepared by coating and dryimd¢smethyl pyrolidone (NMP) cific capacity density of the cathode material. The Type |l
paste containing amorphous carbon and poly vinylidene flu- cell needed shorter constant voltage (4.1V) charging time
oride (PVDF) on copper foil. The cathode was made in than the Type | cell, indicating that the former had a better
the same way, but on an aluminum foil and using a paste charging rate property.
which contained modified lithium manganese oxide, PVDF  Fig. 2 shows the input and output power properties eval-
and graphite carbon as electric conducting suppdggr uated for a 5-s charge and discharge as a function of SOC
Properties of principal materials used in the Types | and Il for both cells at 25C. The Type Il cell had maximum output
cells, and cell size and weight are summarizedable 1 powers of 1400 W at 100% SOC and 1500 W at 0% SOC.
The cathode material used in the Type Il cell had about Input power values in the Type Il cell were much improved
a 30% higher specific capacity than the cathode material for low SOC (below 50%). The input and output curves of
used in the Type | cell. The electrolyte used in the for- the Type Il cell crossed at about 45% SOC. At this point,
mer had a 3mScmt higher conductivity than that in the  the Type Il cell generated and regenerated more than 800 W,
latter.

2.2. Cell performance evaluation

Charge—discharge performances were measured using a
Nittetsu Elex battery controller (5V-200A system). The
charge—discharge capacities were recorded between 2.7 and
4.1V with a 1 C rate current (3.6 A for Type | celland 5.5 A
for Type Il cell). Direct cell resistances (DCR) were estimated
using thel-V plots with 27, 55, and 100 A rate charge and
discharge at various SOCs (states of charge). The limiting val-
ues of voltage in the charge and in the discharge were set as
4.16 and 2.5V, respectively, for the estimation of maximum 26 25°C, Cell: 40¢ x108 mm -
available currents. A pulse mode charge—discharge cycle test . '
was done with the conditions of 167 W for input (charge)
and 260 W for output (discharge) at 20, 40, andG0A
storage test was carried out with a 50% SOC (3.65V) at 0,
20, 40, 50, 65 and 8. The DCR and discharge capac-
ity were examined at appropriate intervals of the cycles or 1600
days.

Cell voltage /V

0 1 2 3 4 5 6

Cell capacity /Ah

Fig. 1. Charge—discharge voltage curves of Types | and Il cells a€25
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Table 1 ?_ 800, A |

Specification of HEV test cells and material properties % 4 *~ Qutput power

Cell type Type | Type Il & 600 -

Specific discharge capacity of 105 135 400 -
cathode material (mAhg) |

Conductivity of electrolyte 9 11 2001 Input power N N
(mSecnt?, at 20°C, 1 M LiPF) 0 | I \ |

Specific discharge capacity of anode 400 400 0 20 40 60 80 100
material (mAh g?1) SOC/ %

Cell size (mm) 49 x 108 4Qp x 108

Cell weight (mg) 300 319

Fig. 2. Input and output power properties as a function of SOC for Types |
a Safety parts are adopted inside the cell. and Il cells at 25C.
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Fig. 3. Input and output power properties as a function of SOC for Types | rjg 5 Temperature dependency of the input and output power properties
and Il cells at-30°C. for Types | and Il cells at 45% SOC.

which was 1.3 times higher than that of the Type | cell (600 W
at 40% SOC). Supposing necessary input and output power
were 400 W celt! for an HEV system, we estimated the Type
Il cell could reserve 12 Whcelll though Type I cell could
only reserve 5.3 Whcetll. Thus, the available energy of the
Type Il cell was more than two times higher.

Fig. 3shows the input and output power properties evalu-
ated for a 5-s charge and discharge as a function of SOC for
the Types | and Il cells at30°C. The Type Il cell had an i
output power of more than 200 W at 100% SOC, which was 3-2 Pulse mode charge-discharge cycle test
two times higher than that of the Type | cell. The Type Il cell
had an output power of 250 W at 0% SOC and measurable
values up to 65% SOC, though the Type I cell output power
was only 75 W at 0% SOC. This was mainly due to the better

electrolyte we usedr-ig. 4 shows the ionic conductivities of
the electrolytes for both cells as a function of temperature. MONths), though a test temperature of Gcaused the DCR

The electrolyte for the Type Il cell had higher conductivities [0 increase at the beginning of the cycle test. The Type Il cell
than the electrolyte for Type | at all measured temloeraturesshowed a stable DCR during the test, meaning that the initial

from —40 to 20°C. The electrolyte used in Type Il had acon- POWer would be sustained stably during the cycle test.
Fig. 7 shows the capacity change in the pulse mode

charge—discharge cycle test for Type Il cell at various

ductivity of 2.7 mS cm! at—30°C, while the electrolyte for
Sl’ype | had a value of 2mS cm. Fig. 5shows temperature
dependency of the input and output power properties for both
cells at 45% SOC. Based on the plotted datgigé. 4 and 5

we concluded temperature dependency of the power property
was controlled by the ionic conductivity of the electrolyte in
this cell system.

Fig. 6 shows the DCR change in the pulse mode
charge—discharge cycle test for the Type Il cell at various
temperatures. The DCR increased no more than 15% at all
testtemperatures up to 450 K cycles (testing took more than 9
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Fig. 4. lonic conductivities of the electrolytes for Types | and Il cells as a Fig. 6. DCR change in pulse mode charge—discharge cycle test for Type Il
function of temperature. cell at various temperatures.
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Fig. 7. Capacity change in the pulse mode charge-discharge cycle test forFig. 9. Capacity change in the storage test for Type Il cell at various tem-
Type |l cell at various temperatures. peratures and 50% SOC.

temperatures. The Type Il cell keptits capacity within 80% at than 160 days, 65% of the initial capacity was retained. The

50°C, 87%at40C, and 90% at 25C of the initial values up  Type || cell expanded the possibility of HEV applications for
to 450K cycles. Thus, we found the Type Il cell showed good the |ithium secondary battery by improving the temperature
stability regarding its power and available energy during the tgjerances.

cycle test. Liaw et al.[6], analyzed the capacity change in the cycles

tests by the Arrhenius equation and estimated the activation
3.3. Storage life test energy for capacity fadindrig. 10shows the Arrhenius plot
of logarithmic capacity fadingXQ) versus reciprocal tem-
Fig. 8shows the DCR change in the storage test for Type Il perature for the Type Il cell at 50% SOC. The curves had
cell at various temperatures and 50% SOC. No increase wagyood linearity and gave activation energies of 26.5, 31.9, 27.7
observed in DCR when the cell was stored at 0 ant2a&fter and 25.6 kJmoi! at evaluated intervals of 12, 54, 107 and
240 days. Only 5, 13, and 21% DCR increases were detectedl163 days, respectively. Liaw et al. reported that the activation
after 240 days, when the cell was stored at 40, 50 arfi@€65  energies for capacity were 50-55 kJ mbhnd they were re-
respectively. Furthermore, the Type Il cell kept the increase |ated to heat generation in the charge—discharge process. The
in DCR below 40% when it was stored at 8D. activation energies we estimated were smaller than those of
Fig. 9 shows the capacity change in the storage test for Liaw et al. A possible reason for this difference might be the
Type Il cell at various temperatures and 50% SOC. The Type cell size (their cells were 18x 65 mm), considering that ca-
Il cell sustained capacities within 93, 91, 87, 82 and 75% pacity fading was affected by the cell heat generation. The
after being stored 240 days at 0, 25, 40, 50 and®Jespec-  large cylindrical cell had a relatively smaller surface area
tively. Furthermore, when the cell was kept at8for more
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Fig. 8. DCR change in the storage test for Type Il cell at various temperatures Fig. 10. Arrhenius plot of logarithmic capacity fading vs. reciprocal tem-
and 50% SOC. perature for Type Il cell at 50% SOC.
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50 e PP ARARARS reported by Liaw et al.: 32.2 kJ not after 12 weeks. These
[ (163days) results suggested that DCR charge was not affected by cell
45 / size or heat diffusivity.
C 3.9k /mol Fig. 12shows the change in activation energies for DCR
40k (107days) increase and capacity fading during the storage test for the
. C Type ll cell. The activation energies for capacity fading stayed
é 35 |F A almost constant for 163 days. But, the activation energies
S TR . for DCR increase rose after 54 days. This meant that the
30E T AL e DCR increase rate slowed down after about 50 days, though
- 30K mol = the initial degradation rates for the capacity and DCR were
5 (12days) ST almost the same. These results also suggested the causes of
: degradation of the capacity and DCR were not the same.
2-02 8‘ o '2'9' L '1'0' L " The analysis of cell life test results using the Arrhenius plot

provided useful information concerning reactions inside the
T/ 107 K cell just as the direct observation of the electrodes by using
spectroscopic methods can provide. We are going to study the

Fig. 11. Arrhenius plot of logarithmic DCR increase vs. reciprocal temper- degradation mechanism by this method and try to predict cell
ature for Type Il cell at 50% SOC. life

50 T

4, Conclusions

higher. At—30°C, the Type Il cell had an input—output power
of 100 W cell-! which was two times higher. Moreover, the
gl 4 o o g ¢ vwpa gy e ppaa pulse cycle life test showed only a small increase of DCR
50 100 150 200 in 450K cycles. Good durability at 8@ was also demon-
strated. We think the Type Il cell is a promising battery for
HEV applications.

- DCR 1
T 40 =
2 L ] We have developed a next step large-scale lithium sec-
= C ] ondary battery (Type Il) for HEV application and evalu-
g or 1 ated its cell performances. We found the Type Il cell perfor-
2 C ] mances were much improved compared to the earlier Type
£ 0l Capacity i | cell. The former discharged 5.9 Ah celi, which was 1.5
s [ | times higher than that of the latter and the former had an
2 C ] input—output power of 800 W cell, which was 1.3 times

L=}

Storage time/ days

Fig. 12. Change in activation energy for DCR and capacity fading during
the storage test for Type Il cell.
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