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FIGURE 1.1 Expansion of worldwide LIE demand.
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PHEV Battery' EV Battery'

20 Ah 7.2kWh 50 Ah 18 kWh
nC Charging Time Ioc (A) Poc (kW) Ioc (A) Ppc (kW)
1/3 3h 6.7 24 16.6 6.0
1 th 20 7.2 500 18.0
2 05h 40 14.4 100 36.0
3 20 min 80 216 150 540
1 15 min 80 288 200 72.0
5 12 min 100 36.0 250 90.0
6 10 min 120 43.2 300 108
7 8.6 min 140 50.4 350 126
8 7.5 min 160 57.6 400 144
12 5 min 240 86.4 600 216
20 3 min 400 144 1000 360

EV, electric vehicle; PHEV, plug-in hybrid electnc vehicle
W =360V

-



SPb (2ot Slgo (5 aod Gl 55 5y olp AT Hgy ¥

ey 5g 50 by bgyde 5 iSlas (650 59 b (0,05) Sy o 0 ol bz ,L 0,68l 0 Sl
50 oloj 4 b5 BB b @ 5z 0sised o3lital > Lgytee Vgens e 5L sl anl (025)
a5 ol i SINE oS ok les lbloe 5 5b a2 (655 4 (Sl e 4 Laid 5 il e
Sy S Slasi 5 (Vopen ;o) (5l (cond & Comy 515 010 (S NC L5 255 5 s AD a0
Sl J5S ol (K 65 (oond 4 55L0 0L Gl ples lacasgame oIy (K 5L a0

Lol dmz el 0, Sles g SYsb vP)&;JjbdagwaqﬁlS‘JﬁlfﬂuLu)m

Cwglie Cde a4y ol 0,5 el @y GHLE 0 0o )T Cwglie cde 4y ol ax o (0 dxm sleo i34
ool ylis p3 Oyge a0 a8 Col 5L 0 (TAS) oleows la STy Jdo 4 Slal o 0,5 el 2R

V-] o9d o0
Q=I(IR-[TA(V, ..)/dT]-Q.y /I),I>0 5, &Iy

il it b Code (DVoce/dT) (5L (oo 9 by
liseo coguid (65 (o bouis Slgo &g puw 5L s SHg Y

o slp o el ilate (5 pobo @ Lol ojls S 5L (b 5 Jee AD @ (Ry) e conglie
5 e o ol (G o5 inlesS 5 ol 51 sl 2o =C ReR AR oS 5 o5 (035055

il 1) S0 42 @ e

P b5/ J=I?pcCr/Ah=Cr(Ah)(nC)?



el Ll b o 0 00l 0,053 (65,5 a5 5L Job jo iule S (650 i s

E o sE . =[P ubks/ JuxynC]/V,_ Ah)=Cr(nC)V

il 325 Oygp0 4 5)LE 035k s

o33L =\ —CR(IIC)/VJM

S 5l Vb 03l S aris el it 5 canslin g oo 5L 6l 45 (55l (oolians olga g Lo Lo
[\ \ E) 'Y ]w‘ ool Y=Y J5A> IS UC Davis 3 AW wl.a)i 6LQJ..A Eo ))L\.o LSL“;)"ﬁ 9 u)l.ij.o.c )‘
Dglite) S (o0 yudS (grmg ($03995%0 ) Juo Caaglie 4y g3 b Jol a0 0 @ 5L (sl 5L slwosly

wialys g A5 5 laainT lalin 5 W5 Vb 55 sloesil s et sloe J (B (S

.09.3
lizo (o brod Slgo b b 5 5 @2y 5L 9 0 )Sdoe o (Shg 5l ) aoMs -V-F Jgur
Voltage Capacity Resistance Epcating/Estore

Battery Developer/Cell Type Electrode Chemistry Range (Ah) (mg) R x Ah Wh/kg (nC = 4)
EnerDel HEV Graphite/NIMnO; 4.1-25 15 1.4 0.021 115 0.022
EnerDel EV/PHEV Graphite/NiMnO, 4.1-25 15 2.7 0.0a1 127 0.047
Kokam prismatic GraphiteMNiCoMnO; 4.1-32 30 1.5 0.045 140 0.05
Saft cylindrical Graphite/NiCoAl 40-25 6.5 32 0.021 63 0.025
GAIA gylindrical Graphite/NiCoMnO, 4.1-25 40 0.48 0.019 96 0.022

7 36 0.025 78 0.029
A123 oyfindrical Graphitefiron phosphate 36-20 22 12 0.026 S0 0.032
Altaimano prismatic LiTIOMNIMnO, 28-15 " 22 0.024 70 0.04

38 1.15 0.0044 35 0.007
Altairnano prismatic LITIOMNIMNnO, 2815 50 0.7 0.035 70 0.058
Quallion cyfindrical Graphite/NiCo 4.2-27 18 60 0.108 144 0.12
EIG prismatic Graphite/NiCoMnO; 4.2-30 20 31 0.062 165 0.07
EIG prismatic Graphitefiron phosphate 36520 15 25 0.0375 113 0.045
Panasonic EV prismatic Ni-metal hydnde 7.2-54 6.5 114 0.013 46 0.045
Hawker prismatic Lead-acid 12-105 13 15 0.033 29 0.066

EV, elactric vehicle; HEV, hybnd electric vehicies; PHEV, plug-in hybrd electrnc vehicle
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Battery Capacity Clamp Charge Time (min) Time (min)

Chemistry (Ah) Voltage (V) Current (A) to Clamp/Ah to Cutoff/Ah
NiCoMnO, 20 4.2 20 52/17.3 80/19.6
LiFePO, 15 3.65 15 60/15.2 84/154
LisTisOyz 11 28 n 65/11.9 66/11.9
Lead-aad (12 V) 38 14.7 25 81/339

45 45/34

65 26/29
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Temp Rise During Charge
Charge Time to Taper Charge to Total Discharge Initial Temp
Current(A) Cutoff(s) Time(s) Cutoff(Ah) Charge (Ah) (Ah) Temp (( Q) Change ('C)
EIG Iron Phosphate 15-Ah Cell
15 3630 210 15.2 154 15.50 225 0
30 1770 210 14.7 15.4 15.45 225 1.5
45 1140 199 142 154 15.38 225 3
60 840 172 139 15.3 15.30 235 45
75 630 184 13.1 153 15.29 255 5.5
90 480 219 118 152 1517 23 7
120 240 316 79 152 15.16 25 9
No Taper
80 780.4 136 1299
80 4648 11.6 11.60
Altairano Titanium Oxide 11-Ah Cell
1 3920 81 119 120 12.00 225 0
22 1950 685 1ns9 12.0 12.00 22 05
33 1300 57.7 11.9 120 12.00 225 1.5
44 970 59.2 118 120 12.01 23 2.5
55 760 74.8 11.6 12.0 11.97 215 4
66 620 83 113 12.0 11.97 225 4.5
88 440 103.1 10.7 12.0 11.97 24 6.5

oud Y S5 o a5 ek sles ai Jloyl (1€) 5,lss 16C) 5,5 cloas > 4 LTO Lo (uizan

D9l 5l ,e slel o sdel Cuvds sles gl oo

Altairnano 11 Ah fast charge
5 cycles, 66 A
70 3
. ’ ] ¥ ¥ "

i L / .
0 ™ s ™ :
g _[vame | Y Y Y W s
£ | | | | | -
10 1

Current
£ 5004 10,004 15,0008 20,000 5,000 30, )085
-10
20 o
Time (s)

(1C 3,Le0 96 C 5,L0) Ah 1) pauid pauiliod awnsST o 5550 sy )L slo 45 2 —V-Y Ui



rlooatt Olgo £lgil b (Sg poniad slo (6551 2w 550 51y by yFo (g 5HLb cud yB yiSTa> —0-Y Jgur

% Ah to Clamp Voltage

Charge Nickel Cobait lron Lithium Titanium
Rate Manganese Oxide Phosphate Oxide

3c 81 92 99

ac 76 50 98

5C 72 85 96

6C - 78 94
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Constant Current Discharge (2.8-1.5V)

Current (A) nC Time (sec) Ah

50 0.96 3773 52.4
100 1.95 1847 513
200 4.0 904 50.2
300 6.1 588 49.0

Constant Power Discharge (2.8-1.5V)

Power (W) Wikg Time (s) nC Wh Wh/kg
100 62 3977 09 111 69
200 125 1943 1.85 108 67
300 188 1244 29 102 64
400 250 849 4.2 94 59
500 313 636 5.66 88 55
800 375 516 7.0 86 54

Summary of the Cell Power Characteristics'

socC vot R (mn) (W/kg)sox aoft. (W/kg)ao's aft.
1.0 2.7 0.9 455 811
0.9 2.45 08 422 751
0.8 2.40 038 405 721
0.7 2.36 08 392 698
0.6 234 09 343 609
0.5 2.33 09 339 604
04 2.32 0.95 319 568
0.3 2.27 1.15 252 448
0.2 2.2 1.25 218 388
0.1 2.14 1.35 191 339
Weight: 1.6 kg

P =EF(1 — EF) V2 JR at specified EF
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150 A charge with thermal insulation—temperature and cell voltage vs. time

120 ‘ 29
110 : /JLl : 1 | 27
100 ,\_ ——\ S 25
g® / | P =
s \ i 2.1
i 70 i ] — 19
60 A\ ’/‘g 17
: - NE———
F 5 — — Aﬂ‘ ol — | 115
g P —
40 T | 13
30 - _— 11.1
o P M e 57 = | S
o 2000 4000 6000 8000 10,000 12,000 14,000 16,000 18,000
Time (s)
—TCO0 —TC.1 —TC2 =TC3 —TC4 =—TC:S
6 —T1C7 -—TC8 —TC. 9 TC_10 —TC_11
TC_12 —TC_RT —TC_14 —TC_15 TC_16 — TC_17
TC 18 — TC_19 TC_20 TC_21 TC 22 — TC 23

TC_24 - Voltage 0

Cell voltage (V)

Gile S5kt b (A1B4) ol Kils 4255 ¥ (slod 53 uzme 5,L5 4 AD-8e Jpbus solo S deasly ~¥¥ JSC



150 A charge (free air)—temperature and cell voltage vs. time
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300 A charge in free air—temperature and cell voltage vs. time
N
| |
' i

8000

Cell voltage (V)

Time (s)
-TC0 -—TC 1 -—TC_ 2 - TC_3 — TC_4 - TC_5 TC_6
ic7 -—TC8 -—TC9 TC_10 —TC_11 TC_12 TC_RT
—TC_14 —TC_15 7C_16 —TC_17 TC_18 TC_19 TC_20
TC_21 TC 22 TC_23 TC 24 —Voltage 0

3T (slgp 3 3L (A ¥+0)6 € 15 duzme 5L 4 Ah-0+ Jolu (15> Guwly -0-Y S5

Jg.\.o WL‘))T -y

Joo s S39).Y.f

0,5 5y L YTV Jgoo (soml 5Ly ailoass LSt (6w yob a0 oo Juate 0+-Ah Jw sae V¢ 5l b Jgow
Sly Jgoe (65,8 dicnsls .l ool oM V=Y Jguz 10 Jgde Slasin .Cwl cdg YA 50 ol sSlos
s Jgow .ol WH/L b Vo Wh/Kg abgs o o polis .ol Wh/1 L £4 Wh/kg 1C 5 Las S
anglin 3,5 Al | oo (slicanglie 50,5 o st |, allas (sl Lo 3y 45 dis walis shisF 4,
oad I A-Y Joaz jo ¥oor ALV ee 5l5Las 5L by 90 0 ol (Jseme Jgoo S5 (sl Jos slo
05 o 53 slacanglie sgazma 4 gk canglin ¢ oo Canglin oo (8 2 s &bl 3ol
Sl 45 oo lan sl 0 08,51 AT Jgaz 50 305 FC 1 5,5 slag 5 sl oo Ah cod s

S o et Sl by pelS e > 5L F 5 L Jsse A e b g, e Wl LTO (5L

24-V oS pguind pguilid Jaoo wlasino Y=Y Jous



Parameter

Module configuration Ten 50-Ah cells In series

Weight (kg) 23.2 module, 16 cells alone

Volume (f) 13.25 module, 8.9 cells alone

Ah capacity S05atS0A 44.2 at 200A

Energy density (Wh'kg) 70.6 at 1C, 66.4 at 2C

Resistance (mQ) 70

Pulse power (W, Wikg) 6.7 kW, 420 W/kg cells alone,
90% efficiency

Fast charging capability Up to 6C with 96% of rated Ah

g Y Jgoo 30 Juw 4y Juw coglibo £ 955 —A-Y Jgur

50-Ah Module R (mQ)

Pulse Current
Cell # —~300A —~200 A -100 A 100 A 200 A 300 A Ave.R
0 0.5976 0.5893 0.5841 0.5832 05784 0.5712 0.583633
1 0.675 0.6686 0.6609 0.6561 06512 0.6422 0.659
2 0.802 0.7957 0.7856 0.7778 0.7695 0.7575 0.78135
3 0.7456 0.7368 0.7328 0.7257 0.7157 0.7039 0.72675
4 0.7011 0.6944 0.6915 0.6859 0.6762 0.6667 0.685967
5 0.7396 0.7315 0.727 0774 0.7112 0.6988 0.720017
6 0.7126 0.7058 0.6989 0.695 0.6869 0.677 0.696033
7 0.7129 0.7037 0.6997 0.695 0.6877 0.6776 0.6961
8 0.7865 0.7769 0.7691 0.7704 0.7522 0.7366 0.765283
9 0.6333 06228 06113 0.6064 0.6084 0.5979 0.61335
Average 0.71062 0.70255 0.69609 0.69129 0.68354 0.672%4 0.692838
St. dev. 0.063501 0.063799 0.06382 0.063062 0.0597737 0.057575 0.061894
Module B 7.109349 7201439 6£.840243 6.89108 7.016456 6.739212 (M)
Charge current 50 A 150A 200A 250 A 300 A
Module Ah 505 504 S0.1{49.9) 49.5(49.3) 48.7(48.3) (fan cooling)
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300 A charge (fan cooling)—cell voltage and current vs. time
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FIGURE 3.7 Voltage and current traces for repeated 6C, (/2 cycles of the 24-V module. (For color version of this figure,
the reader is referred to the online version of this book.)
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300 A charge (fan cooling)—temperature and current vs. time
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Maximum temperature at the end of charge 50°C
Minimum temperature at end of discharge 33°C

Average cooling during charging 120 W/module
Average cooling during discharging 48 W/module
Ceoling plate temperatures 33-40°C
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FIGURE 4.1 (a) Rate capability of nanocrystalline and bulk LiCoO; at various discharge rates (1C-100C rate). Solid lines
are fitted results. (b) Crystallite size dependence of the second lithiation potential curves for LiCoO,. Adapted with
permission from Ref. [13]. Copyright 2007 American Chemical Society.
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FIGURE 4.2 Voitage—composition curves for lithiation of nano-Fe;0; (n-Fe,;0;) and bulk Fe,0; ("M-Fe;03") hematite
samples. The zoom in the inset shows a small 1.6-V plateau for bulk Fe;0;. Rate: one Li per formula unitinShat 25 °C
Reproduced by permission of The Electrochemical Society from Ref. [17]. Copyright 2003.
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Conversion

FIGURE 4.3 Differing crystallographic reaction mechanisms (intercalation and conversion) occurring in the active
materials of electrodes during battery charge or discharge. The intercalation reaction typically involves at most one
electron transfer per metal atom (typically <250 mAh/g), whereas the conversion reaction can involve as many as
three electrons transferred per metal atom (typically =700 mAh/q). (For color version of this figure, the reader is
referred to the online version of this book.) Reprinted from Ref. [71]. Copyright 2007, with permission from Elsevier.
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FIGURE 4.4 Properties of lithium cells with metal oxide conversion electrodes. (a) The voltage vs. compaosition profile
for various cells cycled between 0.01 V and 3 V {vs. LVLi*) at a rate of U5 (1 lithium ion per metal atom in 5 h).

(b) Cycling capacity for the same cells (including a Co;04/Li cell) under similar conditions. Inset: the rate capability of a
CoO electrode. Reprinted by permission from Macmillan Publishers Ltd [72]. Copyright 2000.
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FIGURE 4.5 Voltage vs. time plots for Li | LiPF; in ECDMC | FeF;:C cells cycled at 7.58 mA/Q, cmpasite 35 @ function of
mixing procedure (manual mixing or high-energy milling for 240 minutes). “Manual mix" sample had a crystallite size
of 102 nm, and "240-min” sample had a crystallite size of 25 nm. Reproduced by permission of The Electrochemical
Society from Ref. [89]. Copyright 2003.
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FIGURE 4.6 Electrochemical lithiation/delithiation of SWNT electrodes: effect of sample treatment on potential
profile. Top: purified SWNT. Middle: SWNT ball milled for 1 min. Bottom: SWNT ball milled for 10 min. The data were
collected at a constant current of 50 mA/g. Reprinted from Ref. [133]. Copyright 2000, with permission from Elsevier.
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FIGURE 4.7 Lithium insertion/extraction properties of graphene and related materials. (A) Charge/discharge
profiles and (B) cycling performance of (a) graphite, (b) graphene, (c) graphene + carbon nanotube, and

(d) graphene + fullerene Cgo. Specific current is 50 mA/g. (For color version of this figure, the reader is referred to the
online version of this book.) Reprinted with permission from Ref. [151]. Copyright 2008 American Chemical Society.
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" Species
2 Conversion
3 Amorphization
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" Internal combustion

2 Electric vehicle

3 Plug-in hybrid vehicle

4 black-up power supply units
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@ TiO, + x Li«s Li,TiO, (x < 1) (~1.7V) % Sn0,+4Li —Sa+2Li,0
@ LLTLO,; +3 Liws Li,TLO, (<16 V) Sn+44Li <o Li, Sn(< 0.5V)
Voltage range of cycling: 1.0-2.8V Voltage range of cycling: 0.005-1.0V
: B8 W
D Lattice ID-Lattice S A4l
Intercalation/de-intercalation reaction Alloying/de-alloying reaction
(topotactic)
Oxide Anode Materials
| . /¥
Conversion (redox) reaction Alloying and conversion ¢
@ CoO+2Liws Co+LIO & ZoFe,0,+ 8 1Li—«Zn+2Fe+ 4 Li,0
Zn + LI «+(LiZn)
@ CaFe,O46Li+2Fe+ CaO+3LLO Zn + 2 Fe+ 4 Li,0ws ZnO + Fe,0,+ 8 Li
2Fe+3 14,0 o Fe,0,+ 6 Li
@ Sn0,+4Li—Sn+21Li,0
Voltage range of cycling: 0.005.3.0V Sn+44Lis Li Sn(< 0.5V)
Sn+ Li0 «+ S00 + 2 Li(~ 1.3V)
Sn0 + Li0 - Sn0,+ 2 Li(> 1.8 V)
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" External casing

2 Current collector
3 Binder

4 Separator

5 Collector
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" Dead weight
2 Glove box
3 Assemble
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' Crimping machine
2 Coulombic efficiency
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" Current
2 Capacity
3 Current rate



t=Cy/i
nC=(1/n)h
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" Energy density
2 power density



Power density = Current (A /kg or A/L) x Voltage (V)
= Energy density/Time
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j i(t)dt
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Capacity

Depth of discharge = [ Depth of discharge
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Amount of charge available

State of charge = :
Capacity

b A oad Gy slag,ls slass g oo ools hsnd slai,Lh e S Gloie 4 1 Smed S ylonl

Lo b JToasl (5L S5 0gd SiadsS loaily zalS g 5,Ls ols Caws 5l ar yoie Silgs o (B 39,35l

ol oy Ve 5l G cwdsS leadly

LIBs !, Desirable 5L slo 559\ Jo

" Depth of discharge
2 State of charge
3 Coulombic efficiency



Parameter Desirable

characteristics

Energy density (Volumetric - Wh/L and Gravimetric - Wh/kg High
Power density (Volumetric - W/L and Gravimetric - W /kg High
Mechanical, Chemical and Structural stability Good
Discharge curve Flat

Rate capability High, fast recharge
Cycle-life Long
Self-discharge Low
Temperature range Wide
Cost Low
Salety High
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3 Exxon

4 Dioxolane
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2 Matsuchita
3 Murphy
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" Layered Oxides
2 Vanadium Pentoxide
3 Molybdenum trioxide
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Materials Theoretical Theoretical Average  Cost
gravimetric gravimetric practical
capacity capacity (mAh/g) gravimetric
(mAh/g)  with account taken of  capacity
the degree of insertion ~ (mAh/g)
LiCoO, 274 137 120 High
LiNiO, 275 275 220 Medium
LiMn,O, 148 148 120 Low
LiCo ,Ni; 4O, 274 247 180 Medium
LiFcPO, 170 170 150 Low
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Battery LiFePO, LiCoO, LiMn,0, Li(NiCo)O,
Stability Stable Notstable Acceptable Notstable
Environmental Mostenviron-  Very Acceptable Very
concern friendly dangerous dangerous
Cycle life Best/Excellent ~ Acceptable Acceptable Acceptable
Power/Weight  Acceptable Good Acceptable Best
density
Long term cost ~ Most High Acceptable High

economic/

Excellent
Temperature Excellent Decay beyond  Decay =20 to 55° C)
range (20t070°C) (-20t055°C) extremely fast

over 50° C
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Materials Li C LiTiO, Si Sn Sb Al Mg Bi
Density (gcm’3) 0.53 2.25 3.5 233 729 67 27 1.3 9.78
Lithiated phase Li LiC, Li,Ti)O, Li,,Si LijSn Li,Sb LiAl Li;Mg Li,Bi
Theoretical specific

i 1 3862 372 175 4200 994 660 993 3350 385
capacity (mAh g™)
Theoretical charge, 5047 837 613 9786 7246 4422 2681 4355 3765
density (mAh cm ™)
Volume change (%) 100 12 1 320 260 200 96 100 215
Potential vs. Li (V) 0 005 1.6 0.4 0.6 09 03 01 038
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Metal Oxide Lithiated phase Theoretical specific capacity (mAh g'l)
SnO Li, Sn/Li,O 875
Sn0, Li, S5n/Li,0 782
TiO, Li,Ti.O,, 175
In,0, Li,In/Li,0 289
5b,0, LiSb/Li,0 275
PbO Li, ,Pb/Li,0 528
Zn0O Li, ,Zn/Li,O 329
CdoO Li; Cd/Li,O 125
FeO Fe/Li,0 746
CoO Co/Li,O 715
NiO Ni/Li0 718
CuO Cu/Li,O 674

Cr,0, Cr/Li,O 529
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