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Prof. Feng WU is the Chairman of the professor committee in School of Chemical Engineering
& Environment Science, Beijing Institute of Technology (the Chief Professor). Vice President of China
Battery Industry Association, and the Chief Scientist of National 973 Program (green secondary
batteries).

Prof. Feng WU used to be the associate group leader of the National 863 expert council for
Functional Materials, the commissioner and the standing committee member of the National 863
expert council for advanced Materials, the group leader of the Ni-MH battery expert committee of
the Ministry of Science and Technology, the member of the National 863 expert committee of
electric vehicle (general scientist of power batteries). Since 1988, he used to participate and
organize the R&D of Ni-MH batteries LIBs and key materials in China,
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Energy and Environmental Problems are the Big Issues
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Problems caused by the fossil fuels:
Non-sustainable development, Environmental deterioration , Region conflict -----
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To establish a clean and renewable energy system is an inevitable choice of

The top ten problemis mankind will face during the
next 50 years according to Nobel laureate Richard Smalley.

human beings.
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Inevitable choice to develop EV & HEV

FEEERAMRSEETNHEHRKRE , EIET MR BB,

China is becoming a great power for the manufacturing and consuming
of global automobiles, and facing a challenge of energy saving and
emission reduction.

BRI A B 22020 5 ZFECO, BEB B #7959 959/kmF 115.5g/km ;
20205 3 RI Y CO, BE U B2 120g/km LA o
The targets of Europe and Japan for CO, emission are 95g/km

and115.5g/km respectively. Correspondingly, it is less than 120g/km for
China.

1&@&%3ﬁﬁﬁﬁicogﬁwt B ZM BEHE , NBREFESTIMNE
, BEH DB EIL/BRICBESIT,

Towards a Low-carbon Economy, the hybridization and electrification
of automobile power is to be imperative.
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Secondary batteries is always the major bottle-neck for electric vehicles
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Electric vehicles have been developed for more than a century. Their “up and down”
history indicates that the secondary batteries is the major bottle-neck for novel clean
electric vehicles.

1996-2000 , BRAIEV1 ( $AERESt )

1899 , LRI R "W B3NSR (HBEM ) 1996-2000, EV1 of GE (lead-acid battery)

1899, a Belgian EV (lead-acid battery)

2009 , EEIFER R FPlug-inB3hE (88 FHit)

1097,2004, 2009 , FEE—. £=. B=ERBEHDH- 009 5 Plug-in HEV of Fisker Automotive, USA (LIB)
Prius ( |& 8t )
1997, 2004, 2009, the first, second and third generation of 5

Toyota Prius HEV (MN-Ni battery) S
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High energy density and high power density of secondary batteries are required
for electric vehicle applications.
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Breakthroughs in secondary battery technology can be brought by exploring new
materials and battery system.
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An overview on the development of EVs and Power Batteries of China
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1987-19904F : ERM LI 863 TR P FIAE M SRS Lt FiRE
1991-1995%F : ERPHEEPE 863”1t X HI A28 F=ith FiRE

1996-20004F : ERPHL 863 it XIP RSBt AEAME

1996-2000F : ERMHEEPE 863”1 XIPREE FEMIINESIM B

2000-2005%F : ERMHETE I KHEC63 B TEERETM

2002-2008%F : ERME BB EHE973"& € =X B X EMTAFRIE
2006-2011%F : ERPBFEIPEzIE M 863" T RESHER SEEKRETM

2009-2013%F : ERPHEEP/E B EHE073”Fr E =X . 5th &% 4B < B IR A R B At i 72 5
20095 : ERMPEE. MBEHE“THTH AR REET

20105 : ERMEI. TEFANBHEIHSFEHEXERTM

1987-1990, MOST, sub-project for hydrogen-storage materials and MH-Ni batteries in “863” program
1991-1995, MOST, sub-project for lithium ion batteries in “863” program

1996-2000, MOST, key project for MH-Ni batteries in “863” program

1996-2000, MOST, key project for lithium ion batteries in “863” program

2000-2005, MOST, important and special project for EVs in “863” program

2002-2008, MOST, basic research on green secondary batteries in “973” program

2006-2011, MOST, key project for energy saving and emission reduction in “863” program

2009-2013, MOST, basic research for novel secondary batteries and relative energy material in “973” program
2009, MOST & MOF, demonstrative operation for “Ten cities-thousand EVs”

2010, MOST & MOIIT, planning the startup of other important and special projects for EVs



Supported by 973 and 863 Programs in China
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High energy density batteries and key materials

SUNRZBZEEMRBME

High power batteries and key materials
BithZ 2

Battery safety

B85t (B W B 4 SRR S

Battery recovery, regeneration and environmental effect

B A M B R S RE B B Y

Battery testing and energy recovery



National electric vehicle key project layout: Three
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I vertical and Three parallel aspects
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Entire car Entire car
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System matching System matching System matching
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o 7 BB AN e St 4H B R 4 (mamagement sysytems for power battery)
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Th de lopment of Power Batteries in China
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2009 FE EHNEFEH{EE F At the end of 2009, the off-take
Zh DB B S ) H et potentials of LIB and MH-Ni
batteries exceed 9 hundred million
FEFEED 7 B ENMZ FLE Wh and 1.4 hundred million Wh. And
M1.4ZE 8 , 2010FEEE will promoted to 40 hundred million

H—F R AFN40{Z BLATH3.6 Wh and 3.6 hundred million Wh at

{ZErBA Lk, the end of 2010.
B EF W E<30kwh (43
Meet the demand of 150
SARFERER2000 thousand EVS at the end of
B ) Bithit , 2010F K 2010 (each car30kwh,
AR N15 W85 approximately for 200km)
TREEKR,

10
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The actual st ate of LIB and the key materials in China

BreREEfNETERP, B, HBREN , Z&FS1TTZ 5ERET
95%, FEEBEmEBRRETZRNSKA R, PEEBBPIITIFRERR
®, EIE, RIIER, ATLATMKEDMIRL FAHEERIG O A LKA
THR, EIGFHMEICABRAERBLE , PEERPLNTHHIERE
UK ; #BEzITH, B ETE, EFAFRERFEHEIE , FE
il b ERBF AT,

So far, the global LIB supply is mainly occupied by China, Japan
and Korea, who are sharing more than 95% of the market. China's
LIB products are from the low end to high-end development. And the
sales of BYD, BAK, ATL, and Tianjin Lishen are all in top 10 in the
world. In addition, the lot of China in 3G mobile phone and laptop is
increasing. Furthermore, Chinese corporations are actively exploiting
the market of electric vehicles, electric bikes, and power batteries.

11
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TEES FEMERMESEFSELFEFIRERS AR, HEEA,. F
FEZBEEN, XEBE, peMMRE, AlasE=dil EZTRINN
Bin, PENESE, 2EREFELFTERKFEBERLER, IMXB.
XEX, REEFFAULN G200 , BoMEAHK O, HEEEFBIb
BEMEEEENRE, BA#EA,

The major corporations for LIB cathode include Beijing Easpring Co.,

Ltd., Hunan Reshine New Material Co., Ltd., CITIC GUOAN

Mengguli, Tianjin B&M Science and Technology Joint-Stock Co., Ltd,

Shanshan, etc. Those for anode materials include BTR, Shanshan
technolgy, etc. Those for electrolyte inculde Zhangjiagang Guotai
Huarong, Guangzhou Tinci Materials Technology Co., Ltd., Tianjin
Jinniu, etc., which are sharing about 20% of the market. In addtion,
partial of the electrolyte is imported from USA and Japan. The
membranes for LIB are mainly imported from USA and Japan.

12
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HEIMWEE FREMERBELYN120 - 150Wh/kg , REFEBEREY
200-300~E
At present, the energy density of LIB is 120 - 150Wh/kg, and

¥ S S8 FF FF FF T

EfSRaFERERZ S

; “ M Not superior to traditional
cars

UE LR MRERBE X T300 Whkeht , RBREERERE TR T600AE
When the energy density of batteries is larger than 300 Wh/kg, and the
duration distance of electric vehicles may extended to 600 km.

TEZEL, HoBFAEERBE

Potential alternatives

13
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ETERRILEYNZBTFRNEENU X HERZFENEBENREHA,
The multi-electron reactions based on lightweight elements are a
promising way for super-high energy density.

14
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Multi-electron materials in non-aqueous electrolyte: Sulfur cathode

L -

MERTRERME. ETF 287N , REREESHNIERETE(1672
mAh/g) , M NEE-GREMAIEILEEE B E n[iA2600Wh/Kg.

Advantage:

Sulfur is a light-weight element as cathode
materials, which can react with metallic lithium
to form Li,S with two-electron reaction, leading
to the high theoretical capacity of 1672 mAh/g
and the high theoretical energy density of 2600
Wh/kg in lithium/sulfur battery.

Energy density (Wh kg™)
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L

Theoretical energy density of different batteries based
on anode and cathode active materials.
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ulti-electron sencondary batteries
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REOARIET —MZBFRNER, TREMRMNER
Put forward some multi-electron reaction systems with various types:

KBEFER EEMCMAR ( RSVB,. TiB,; 6~1le) ;
metal borides (crystal VB, and TiB, ; 6 ~11e)

Agueous systems: & &2 ( CoB,, La,Mg,;/Ni, 2e) ; aNi(OH),IE#K ( 2e) ;
Hydrogen-storage alloys (CoB,, La,Mg,,/Ni, 2e); aNi(OH), cathode ( 2e )

IEKAEFR - SEEGR) LY ( FeSi, SNNi 4e ) ; MEEASME (S-C, 2 ) ;

Non-aqueous systems: metal silicide (tin compound) ( FeSix, SnNi 4e ) ; sulfur-
carbon composite materials ( S-C, 2e )

ETZHEFRNMNBICHEIN ZIXBEMERFEIAT 350Wh/kg

The energy density of the prototype based on the multi-electron reaction
theory is 350Wh/kg

16
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gjh p ower batteries and key materials
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Way to increase power density of secondary batteries: Fast electrode reaction
REKEBMAR  Future battery system

HRERS

Radical polymer

HRE B R
Thin liquid system

for energy storage
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High power LIB
PRI 1 M B K B s Seeowoe
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A high performance i
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micro-porous hard
carbon sphere improves B R & S AL I i AR
the high rate The porous hard carbon originated

from a micelle method
performances of LIB.

18
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High performance MH-NI batteries

EAB; MAB,; F i B AT LLAF ST EAth £ | FRERFKH
AB; BBIEEME, B (S ) ESELREEMB, &S
B M A D FIMRIERMFEF , TR HSHERTR.
= RBR A3 h B,

Use AB; : type hydrogen-storage materials, Co-
coated composite nickel cathode, composite electrolyte,
and functional additives, develop high power MH-Ni
batteries with a wide temperate zone.

19
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High power MH-Ni battery ( > 1260W/kg ) and high
power LIB ( 1800W > /kg ) with proprietary rights

REHREITEEKIOTAENER

s = : .
§ FOREVER Demonstrative operation for 100 thousand

120QNYD6

kilometers (an independent car)

D AEFNERAENATARXEZ, Tk,
K&, K&, TRALRSFLAANESIDEF,

battery packages have been applied for HEV




) Battery safety
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The key issue restricting high energy and high power LIB is Safety.

Figure 1--Fire Damaged PHEY Prius

. EETEmER T - B8 St MR 2 4R 4R
SR e S HYPHEV
Detonation of a A destroyed
' LIB manufactory PHEV
FNEBF EARPN:: L]
B St 4R A FRES 7 B St R e
Detonation of LIB Burn-up of a
’ in a mobile phonegg notebook
21
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Progress in the safety
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S ERREE , MiZMNEBMER, BitiE, nic
REHE, BIRIZEZFEAF , RET
RILEE FEBR SR MBEAR, 7 2

A series techniques and additives for improving
the battery safety have been developed for
the battery construction and reaction
How  mechanisms away ?

WA E B D v s F B <ANZE T RERE ?

How to improve the safety of LIB in a wide temperate
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Overcharge tolerances by redox shuttles
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NATEFER D FEN RBRANT . SBMEETEN , EEAD FEERLEECRFLS
aF, B2EAED FI AEARNERNERED F , AR ERBBEHBERSE,

Once overcharged, the redox shuttle is oxidized on the positive electrode, while the oxidized species
diffuses back to the negative electrode and are reduced to its original state, locking the charging
voltage in acceptable region.

5.0+ a a=nornal

«— MNormal charge ——  Qvercharge — T /‘ b=0.5mol/L TDB
59 ¢ ©=0.1mol/L TDB
4.0 'I' b

Voltage

3.5 . \
2.5 '=
b3 I_-,l—‘ﬂ/‘) T T T T T T T T 1
- 0 100 200 300 400

Capacity (mAh/g)

o Lithium
L
®
S |
Chia .!I.- = iud

Potential (V vs Li/Li")

SAlNSed

redox shuttie ,
Charge time TOBX BiBR4kEZ R E R BB E A2 4IER |, B
HASF  —HEEE TEWEENTFTHREB
Shuttle molecule: 4-tertbutyl-1,2-dimethoxybenzen The TDB shuttle molecules provide feasible overcharge
(TDB) (soluble, stable and electrochemically reversible) protection, and have indiscernible detrimental influences

on the normal performances of Li/LiFePO, cells.
23
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Switchable Separator

E_ S S S S S S NN N SN N N NN s i

RAFUEREUENREMS , EEEXREEEXRASLEE , AATEFES ;M
LRBHEXIREEN , REVEELBEENE TSRS , BRI KER , X
MEAXABRE.

Filled with electrochemically active polymers, the separator can transform from an
isolating state to a conducting state at defined charging voltage, so as to bypass the
overcharging current.

4.5 4
2 a0 | i
3 i
'(_/: rF = _—_ .
Z 351 . 4 oo
5 30F P
o | i
AU EL O b Ve R4 C0L AR VO L b o |
Tr——ave 2.5 | _
}\ §0 c 4 n 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
v 5 &\ -500 0 500 1000 1500 2000 2500 3000 3500
N | 5 Time (min)
-EEE@@BEH% KA=ZFKRE N EMERE | BBk T &8t AT SCI 88t R ER 4R
Switchable Separator — Ze/mitiix , B / < BR

B, UEFEEERENEE(-3.75V),

The electroactive membrane modified with triphenylamine (PTPan)
could produce an resistive internal short circuit to maintain the
voltage at the safety value of ~3.75V for Li/LiFePO, cells. 24
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Nonflammable electrolyte solvent
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AHE—ZAEENNEBRNZRYE , FRRAMEBER , HhBmRASEE
BN EERBREASENMVBILEREM,

To further suppress the electrolyte flammability, the development of nonflammable

electrolytes is necessary. Organic phosphates are strong fire-retardant and good solvents,
but incompatible with graphite anode.

05 -

00 |-

-0.5 |

Current (1E-6A)
Potentiall V)

oy e

L 1 L I
a 1 2 a v

Potential (V vs Li/Li)

] 100 200 300 400 500 800
Capacity (mAh)

o . .
Graphite in DMMP +1M LiCIO, +10% CI-EC. Commercial C/LiCoO, cell at 20°C, 1M LiClO, DMMP with 10% CI-EC.

EREBRR_PFEREARERECHARREY , ASARKRIBRHFIEYE K RPFEBRR-FIEE
ERFO{ RN, ARAREDINEREERSHRBETR , ERESBN B LM,

In the presence of chloro-ethylene carbonate (CI-EC), the nonflammable dimethyl methyl phosphite (DMMP
can be used as an electrolyte solvent for constructing safer Li-ion batteries.
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novel electrolyte materials for improving the safety of lithium ion battery- ionic liquids

E_ S S S S S S NN N SN N N NN s i

0
o LiTFSI:Acetamide=1:2.5 4 LiTFSl:Acetamide=1:6.0 100+ -
-1k ® LITFSI:Acetamide=1:4.0 v LITFSI:Acetamide=1:7.5 .
5 o LITFSI:Ethyleneurea=1:4.0 90 | Y
20 3 T60C - \
T, , g

3t ‘ e aidt e, 2 70 i
= ¥4 3 < 49" ﬁ @ L 2 - 0°c o i
= al z a P * 7 2 ol (314,56.2)
E A 1 b4 2 — el B TR R P RSN S -
o LT A ‘ o g
w S o~ tor a LI o SO 1 .
— e 4 w 4 [ = [ N
- sl =, © %00, * < o 40| \
= g “'u ®9 0 4 - 4 > [ %
=3 ” Ea -.‘-:'.. x o £ 30 I \
= 7 a4 "onte * LiTFSkUrea=1:33 1 S 20l | \

gl &% * @ LITFSENMU=1:20 [ i \

Tt . » LiTFSENMU=1:30 10 L 1
9L = 4 6 8 10 12 14 18 18 * LITFSENMU=1:40 [
2 1000/( T-T,) (K™ * LITFEDMU=1:20 oF . . A ) . . il g ; i ;
-10 L= . . v = n L L . g 0 50 100 150 200 250 300 350 400 450 500 550
28 29 30 31 32 33 34 35 36 37 o
A T Temperature /'C
10°T/K
lonic conductivity Molecular structure of of IR TG curve of IR

BMASFREFEAMEIERERERME , TREEBIFEEE , REEFWILER ;
S—AHESHTINR. TERXEFYLESYE  MATEE FEHMTHEARNEZEHEN
SR,

With ionic liquid as the electrolytes, the lithium ion battery can be charged to a
higher voltage and therefore a higher capacity can be obtained. With high performance,
such as noninflammable, negligible vapor pressure and high thermal stability, ionic liquid
Is considered to be a promising electrolyte candidate for lithium ion batteries with high

safety and stability.
26
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Q HIRFHMBNWABNAFNEHIERFESHERLN,

Huge use of secondary batteries in electric vehicles will have great impact
on battery material resources and environment.

Qo FERRBAEMBNFEBEBBLEREAR,

“Green” technology of recovery and regeneration of battery materials
should be explored.

OLi ®CoOM ON

27



KA ML ER X 4 ER SR Y [E] LK
Recovery of spent LICoO, using natural organic acid * _
y or'sp 2 9 g ﬁ;‘.
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RAXARBIER T Z EENT RN RN & IH Bt kY8 EReR3 17 0 Ykt
B , FLICoO, MBI P CoMLIF{LHNNITERBRIMERRL K SREWFREE
HEI0%LA L | FEE FRYIR HREZIL100%.

Citric acid and DL-malic acid are introduced as leaching for the recovery of cobalt and
lithium from spent LIBs. When Citric acid and DL-malic acid are used, an effective recovery
of Li and Co as their respective citrates is possible. The results showed that the conditions for

achieving a recovery of more than 90% Co and nearly 100% L. are achieved.

I T=90°C, Time=30min

‘ Tm=90°C, Time=30min

(b)

e
-

"4. 1 60

Leaching Efficiency / o4

Effect of leaching temperature and time on the leaching efficiency of LiCoO, with citric acid
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Bioleaching for recovery of spent battery materials
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1 A YNGR - R AR S ER B WUR |H RSt o 3t & IR AV B RL AL BB B8R |, @ B
FEERMRTESRIORbTRERERBAR  BEERERRIENEY
BRARFEBEAEENER,

WEY

Microorgani

Bioleaching-liquid  extraction
method has been proposed and the
Acidithiobacillus ferrooxidans
(ALT) and Acidithiobacillus
thiooxidans (At.t) were used in bio-
dissolution experiments for spent
batteries. Valuable metals will be
selectively dissolved and then
recovered using selective liquid
membrane extraction. Finally the
purpose of recovery for valuable
metals can be achieved.

b . -

SLRRTE S ERBRITE
Thiobacillus Thiobacillus
thiooxidans ferrooxidans

29
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Recovery of battery energy during discharging

s - ——
7z E%%%Eﬁggﬂiﬁggggﬁgﬂi The technology of batteries
BT R AR R I ENIRS KA | ey discharge energy recycle has deep
BT B IRRINE A B 4IMEE £ connection with the saving energy and
Mzh HEE FBEMEN. {CERIBHPHREBEER reducing environment pollution during
RYEIW , AT EES0% A Lo - the process of battery researches and

0 = production. With the digital technology,
Sl the switch power supply technology
and the computer-control technology ,
The topology structure we designed
has a high control precision, so that
The technology of discharge energy
recycle of li-ion power batteries has

come to realization, and over 50%
energy can be recycled.

30
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Electric vehicle battery simulation system
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Eiﬂ.%nﬁi‘""?ﬁuﬁdﬁﬂgﬁ , TR, EEEBRMER , KAELHK

The on-line data simulation of the electric vehicle motion and the battery performance
analysis can be realized. With the help of internet techniques, the on-line data can be
shared.

ETHEERER , IELEES— G835
BE , ERERE R it RE.
Based on internet techniques, it can be
connected on-line with each of the electric
vehicles and monitor the state of each

Battery pack Batteries 31

Battery system
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> ﬂ%%ﬂﬂ%ﬂmEvﬁPHEvﬁﬂyﬂ Nz hEBER , H—FPIRREHET ML
, BEKEM, MEMERRERAE , BRI HR Z2HWMNA,

» LIB is an ideal power battery for EV and HEV. It will be popular used on
condition that improving the safety and reducing the cost.

> REFNBWENISHEVRNERZ DB , EE - B AWHEVEIHE LS
, ES R KNNERGRRHEVRNERZ) DBz —,

» As the major power battery for the present HEV, which has a sale record more
than 2 million, MH-NI battery will still serve as one of the major power
batteries.

> PEHENRLIHERFE , AATES FARI Db REXH A= LR
Ro

» The abundance of Chinese lithium and rare earth resources is a impetus for the
development of power batteries and relative industry.

> fI—REFEIZXBMNEENRE , FAEITFREESENLLNEIR
» The coming out green secondary batteries will give high cost performance
power supply for EV and HEV.
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BARBBREITETHER , REGRITERERIL T FELTH
B, B3R E. 3D EE)&&*E?%MJISIFJLH’JHE_K , B2 EETENFES
ERAFHNRLS , AEFRE2IHDHANTRT HVERMNEE, X
FMERESHIANSETE , ETAXRENTERNTYE , AERMNEWSHE
, RN BEEHER FANFRE, LHRicER , ieEZme , k&N
BOETF , SLOIEE !

As the others say that the battery is a package of energy, | would say that
the electric vehicles will be the new concept vehicle with wings, which
development can make the related industries fly. This will bring us a colorful
world with new innovations, new hopes, new life style and new jobs. (just like
the container brings great changes for the belt line as well as the whole society).
Sino-US cooperation will benefit both great countries, where the huge market
and nature resources are admired, especially benefit our next generation.
Beijing and Chicago will be remembered in the history.

We wish US-China sincere and successful cooperation in future!

11



E_ S S S S S S NN N SN N N NN s i

Thank youfor your o



