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Table 2-1 Physical and chemical properties of natural graphite, artificial graphite and

coke used in this study

Purity  Real density Particle size Interlayer spacing Crystallite size

(%) (gem®  (um) dooz (NM) along c-axis,
Lc (nm)

Natural graphite A 99.6 2.25 9 0.335 >100
Natural graphite B 97.0 2.25 22 0.335 >100
Natural graphite C 98.7 2.25 23 0.335 >100
Artificial graphite A 99.9 2.25 8 0.336 47
Artificial graphite B 98.6 2.25 10 0.337 28
Coke A 99.9 1.96 16 0.344 3.2
Coke B 99.8 2.13 12 0.346 2.0
Coke C 99.9 2.07 14 0.347 4.9
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Table 2-2 Deterioration ratios (%/cycle) of the discharge capacity of 14500-type test

cells using LiCoO, with natural graphite A and with coke A at various cycle

periods
Cycle periods 1-100 100-500 1-500 500-1000 1-1000
Natural graphite A 0.089 0.088 0.083 0.054 0.057
Coke A 0.170 0.086 0.091 0.016 0.050
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Fig. 2-1. Discharge curves of carbon electrodes at a rate of 0.25 mA cm™ at 25 °C using
1 mol dm™ LiPFs / (EC +DME) as an electrolyte.
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Fig. 2-2. Discharge curves of carbon electrodes at a rate of 0.25 mA cm™ at 25 °C using
1 mol dm™ LiPFg / (EC +DEC) as an electrolyte.
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Table CuKkaox

XD-610
SALD-2000
Micromeritics Model-1200
60 10
LiCo0,
14.2 mm 50.0 mm 21
LiPF, mol dm
2.7 4.2V 0.2 A
Li
10 500
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‘Li

External magnetic field B, 7.05T

Resonance frequency for ‘Li 116 MHz with magic angle spinning
Number of pulse cycles 1024

Pulse width 2.0 usec

Waiting time 4.01 psec

Aqueous solution of LiCl was used as an external reference

Spinning speed for all samples 7 kHz

4.2V
4.2V 0.10 Ah
3.0V 0.10 Ah
0.20 A
1000
0.0 V vs. Li/Li" 12

‘Li
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Table 3-1 Properties of the graphite and coke used in this study

Crystallite
) ) o Interlayer _
Purity Real density Particle size _ size along
spacing _

c-axis
! % /gcm? / um dooz / NM Lc/nm

Graphite 99.6 2.25 9 0.335 >100
Coke 99.9 1.96 16 0.344 3.2
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Table 3-2 Impurities contained in the graphite and coke used in this study

Carbon Impurities
Graphite Al, Ca, Cu, Fe, Mg, Mn, Mo, P, S, Ti, Zn
Coke Ca, P, S
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Table 3-3 Ratios of relative peak areas of carbon electrodes at Oppm of Li NMR spectra

after 10 cycles and 500 cycles

in Graphite/coke
Carbon in Graphite _ in Coke
hybrid carbon

Ratio of relative
1.3(2) 1.1(5) 1.2(9)
peak area ?

a) Relative peak area of inactive lithium, Py, was calculated from the peak area at Oppm
divided by all peak areas after x cycles, and the ratio of relative peak areas was

calculated from Pspo/P1o.

-4]1-



Table 3-4 Relative peak areas of carbon electrodes at Oppm of ‘Li NMR spectra after

one cycle and 1000 cycles under two voltage regions.

in Graphite in Coke

Condition A? ConditionB®  Condition A® Condition B ®

Q: after one

10% 26%
charge
Q1000 after 1000
13% 16% 34% 26%
cycles
Ratio of relative
1.3 1.6 1.3 1.0

peak areas ©

a) Condition A: charge to 4.2 V, discharge of a limited capacity of 0.10 Ah.
b) Condition B: discharge to 3.0 V, charge of a limited capacity of 0.10 Ah.

¢) Ratio of relative peak areas was calculated from Q1000/Q1.
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Fig. 3-1. Charge/discharge cycle performance of 14500-type cylindrical cells using

LiCoO, and (a) graphite, (b) graphite-coke (4/1) hybrid carbon, and (c) coke at a
discharge rate of 0.20 A.
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coke at a rate of 0.25 mA cm in three-electrode test cells.
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Fig. 3-3. 'Li NMR spectra of graphite electrodes after (a) 10 and (b) 500 full range
cycles (state of charge of both batteries are 100%, cell capacity was (a) 450 mAh
and (b) 280 mAh).
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Fig. 3-5. 'Li NMR spectra of coke electrodes after (a) 10 and (b) 500 full range cycles
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Co(OH), Ni (OH),
850 20

4.7 4.4 4.3 pm LiNi_Co0, x=1.0, 0.7 or 0.3

Table Table

Wh 14.2 mm 50 mm

LiNi,C0,0, x=1.0 0.7 0.3

LiPF, 1.0 mol dm™®

Wh
200 mA

10Wh
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10Wh 30 mm

65 mm LiNi,_,Co,0, x=1.0 0.3

100 Wh/kg 2900 2980 mAh
70%
70%
2030 2086 mAh 405 415 mA 2.7V
405 415 mA
50 2900
2980 mAh 4.2V 405 415 mA 2.7V 360
370 mA
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Table 4-1 Properties of the graphite and coke used in this study

) ) o Interlayer Crystallite size
Purity Real density Particle size

spacing along the c-axis
%)  (gem?) (um) dooz (NM) Lc (nm)
Graphite  99.6 2.25 9 0.335 >100
Coke 99.9 1.96 16 0.344 3.2
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Table 4-2 Combinations of graphite-coke hybrid carbons and LiNi;-xC0,0,

System Negative electrode material Positive electrode material
A Graphite-coke (4/1) hybrid carbon LiCoO,
B Graphite-coke (3/2) hybrid carbon LiCoO,
C Graphite Li Nip3C0070;
D Graphite-coke (4/1) hybrid carbon Li Nip3C00.70;
E Graphite Li Nip7C0030;
F Graphite-coke (4/1) hybrid carbon Li Nip7C0030;
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Table 4-3 Discharge capacity and deterioration ratio in the charge/discharge cycle test

1)

_ Discharge Deterioration
X in Coke ) )
System . capacity ratio
(mAh) (%l/cycle)
A 1.0 20 413 0.07
B 1.0 40 370 0.09
C 0.7 0 473 0.15
D 0.7 20 413 0.11
E 0.3 0 550 0.10
F 0.3 20 486 0.07

1) The test was done under constant current charge and discharge at 200 mA in a range

of 27t04.1V.
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Fig.4-1. Discharge curves of (a) pure graphite, (b) graphite-coke (4/1) hybrid carbon, (c)
graphite-coke (3/2) hybrid carbon, and (d) pure coke in a three-electrode test cell

at a constant current density of 0.25 mA cm™ [4-19].
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Fig.4-2. Initial discharge curves of battery systems A and B in a 14500 type (2
Wh-class) cylindrical cell at a constant current of 200 mA in a range of 2.7 to 4.1
V.
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Fig.4-3. Charge/discharge cycle performance of battery systems A and B in a 14500

type (2 Wh-class) cylindrical cell at a constant current of 200 mA in a range of
27t04.1V.
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Fig.4-4. Cycle performance of (a) x = 0.9, (b) x=0.8, (c) x=0.7, (d) x = 0.6, (e) x= 0.5,
() x =04, (g9 x =03, (h) x =02, and (i) x = 0.1 in LiNi;xCoO, in a

three-electrode test cell at a constant current density of 0.25 mA cm™ [4-12].
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Fig.4-5. Initial discharge curves of battery systems C, D, E, and F in a 14500 type (2
Wh-class) cylindrical cell at a constant current of 200 mA in a range of 2.7 to 4.1
V.
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Fig.4-6. Charge/discharge cycle performance of battery systems C, D, E, and F in a
14500 type (2 Wh-class) cylindrical cell at a constant current of 200 mA in a
range of 2.7t0 4.1 V.
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Fig.4-7. Relationship between the coke-to-graphite mixing ratio and the deterioration
ratio (a) LiCoO,, (b) LiNig3C0702, and (c) LiNig7C030,. Some data are from
[4-19].
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Fig.4-8. Charge/discharge cycle performance of battery system A (graphite-coke (4/1)
hybrid/LiCoO;) in a 30650 type (10 Wh-class) cylindrical cell under

load-levelling imitation conditions.

-73-



ol
o

hy

o
|
|

SOC=100% charge/discharge
° ° ° ° (] —

b4
°

)
SOC=70% charge/discharge cycle

e
o
|
|

Discharge capacity /Ah
> o
I
|

0 I | I | I I
0 50 100 150 200 250 300 350

Cycle numbers
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hybrid/LiNip7C0030,) in a 30650 type (10 Wh-class) cylindrical cell under

load-levelling imitation conditions.
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Table

LiNi, ,C0q 50,

10Wh 30.0 mm
65.0 mm ( )
LiPF, mol dm
70%
100 Wh/kg 2980 mAh
70% 2086 mAh 1190
mAh 2.7V 1190 mA 50
100% 415 mA
2980 mAh 4.2V
370 mAh 2.7V
2000
4.2V
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2000

2000
0.0 1.0Vvs.
Li/Li*
21 22
23 -24  'Li Li 25 26 27
-28 29 30 ‘Li
0.0Vvs. Li/Li* ‘Li
External magnetic field B, 7.05 T
Resonance frequency for ‘Li 116 MHz with magic angle spinning
Number of pulse cycles 1024
Pulse width 2.0 usec
Waiting time 4.01 pusec

Aqueous solution of LiCl was used as an external reference

Spinning speed for all samples 7 kHz

10 mHz 20 kHz

20 mm><15 mm
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Table 5-1 Properties of the graphite and coke used in this study

Crystallite size

] o Interlayer
Purity Real density Particle size _
spacing along the c-axis
! % /gcm? / um dooz / nm Lc/nm
Graphite  99.6 2.25 9 0.335 >100
Coke 99.9 1.96 16 0.344 3.2
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Fig.5-1. Initial discharge curve of 30650 type (10 Wh-class) cell using LiNig7C0q30;
and graphite/coke hybrid carbon (4/1 in weight ratio) at a discharge current of 370

mA.
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Fig.5-2. 70% SOC cycle performance of 30650 type (10 Wh-class) cell using
LiNig7C0030, and graphite/coke hybrid carbon (4/1 in weight ratio) at a charge
and discharge current of 1190 mA.
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Fig.5-3. Discharge curves of graphite/coke hybrid carbon (4/1 in weight ratio) (a) after
one charging and (b) after 2000 cycles in three-electrode test cells at a current

density of 0.25 mA cm™.
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Fig.5-4. SEM images of graphite/coke hybrid carbon after 2000 cycles.
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Fig.5-5. 'Li NMR spectra of graphite/coke hybrid carbon (a) after one charging and (b)
after 2000 cycles.
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Fig.5-6. XPS of graphite/coke hybrid carbon (a) O;s after one charging, (b) O;s after
2000 cycles, (c) F;s after one charging, and (d) F;s after 2000 cycles.
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current of 370 mA.
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Table 6-1 Properties of the graphite and coke used in this study

. . ) ) Interlayer Crystallite size
Purity Real density Particle size

spacing along the c-axis
%)  (gcm?) (um) dooz (M) Lc (nm)
Graphite 99.6 2.25 9 0.335 >100
Coke 99.9 1.96 16 0.344 3.2
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Table 6-2 Lattice parameters in LixNig7C00 30,

a axis (nm) c axis (nm)
At initial 0.286 1.42
After 2000 cycles 0.284 1.43
After 2350 cycles 0.283 1.43
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Table 6-3 Atomic ratio by ICP spectroscopy and AAS

Li Ni Co
At initial 1.00 0.70 0.30
After 2000 cycles 0.76 0.70 0.30
After 2350 cycles 0.66 0.71 0.29

* The results calculated as total contents of nickel and cobalt are 1.00.
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Fig.6-1. 70% SOC cycle performance of 30650 type (10 Wh-class) cell using

LiNio7C0030, and graphite/coke hybrid carbon (4/1 in weight ratio) at a charge
and discharge current of 1190 mA.
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Fig.6-2. Discharge curves of 30650 type (10 Wh-class) cell (a) at initial, (b) after 2000
cycles, (c) after 2050 cycles and (d) after 2350 cycles using LiNig7C030, and
graphite/coke hybrid carbon (4/1 in weight ratio) at a discharge current of 370
mA.
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Fig.6-3. SEM images of positive electrode at initial state.
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Fig.6-4. SEM images of positive electrode after 2350 cycles.
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Fig.6-5. Nyquist plots of LiNig7Co0030; positive electrode (a) after one charging and (b)
after 2350 cycles.
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Fig.6-6. Nyquist plots of graphite/coke hybrid carbon negative electrode (a) after one
charging and (b) after 2350 cycles.
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Fig.6-7. XRD pattern of positive electrode after 2350 cycles.
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Fig.6-8. Discharge curves of LiNig7C00 30, positive electrode (a) at first discharge, (b)
after 2000 cycles, and (c) after 2350 cycles in three-electrode test cells at a

current density of 0.25 mA cm™.
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Fig.6-9. Discharge curves of graphite/coke hybrid carbon negative electrode (a) at first
discharge, (b) after 2000 cycles, and (c) after 2350 cycles in three-electrode test

cells at a current density of 0.25 mA cm™.
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