BATTERIES: THE SEARCH FOR A
PERFECT CHEMISTRY

S. Petrovic
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Energy storage: the challenge of the century
Markets
Battery applications

Battery history

Stationary Lead Acid (8%) I Primary Carbon Zinc(6%) @ Deep Cycle Lead Acid (5%)

Electrochemistry

W Nickel Metal Hydride (3%) O Primary Lithium (3%) W Nickel Cadmium (2%)

@ Lithium-ion (37%) B SL| (Starter Battery)(20%) B Alkaline (15%)
0 Other (1%)

Rechargeable Battery Market, World

Common battery types
Lithium batteries

New directions

CLead Acid
W Lithium
H Nickel

$, Billion

2006 2013 Source: Frost & Suilivan

From concept to production

Conclusion




Technologlcal Challenge of the Century

Portable

Automotive
Stationary




Discharge Time at Rated Power

Hours

Minutas

Seconds

Energy Storage Technologies

on

Long Durat
Fly Wheels

Other Adv. Batteries

Metal-Alr ow Eatteries
Batteries FSE

High Energ

Super Caps

Lead-Acid Batteries

High Power Super Caps

1KW

10 kW 100 kKW 1 MW 10 MW 100 MW 16W

System Power Ratings

Redox flow batteries
Sodium based batteries
Lithium-ion batteries
Nickel-based batteries
Advanced lead-acid

batteries
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Markets

LIB cell shipment volume share
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Market Split by Battery Category
Market Class, 2006
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Market Split by Battery Category
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Mobile Applications Dominate Li lon Applications Today




Automotive Applications

At what point do batteries become truly capable of
replacing thermal engines?

Gasoline | Li Ion

Specific Energy

(kWh/kg) 2300 150

Cost of batteries
$650/kWh = $300 > $125

» Hybrid Electric Vehicle (HEV):
+ Small battery
* Low electric power

+ Local energy generation

1 Million
electrical
vehicles by

» Pluglin-Hybrid Electric Vehicle (PHEV):

* Medium battery
+ External energy injection possible

2015

« Full Electric Vehicle (FEV):

» Big battery

+ Only external energy injection (or local energy
generation via hydrogen fuel cell)




Electrical \Vehicles

Examples:
Manufachilr'er/Mod Range/mil Battery type
e es 40 000
Bolloré Bluecar 160 Li Polymer 25 000
BYD e6 120 75 kWh (LiFePO,) 30 000
21 kWh nano 25000
Chevrolet Spark EV 82 (LiFePO,)
- 20000
Ford Focus Electric 76 23 kWh lithium ion 2
= 15000
Honda Fit, 100 Lithium ion 10 000
Nissan Leaf 200 24 kWh lithium ion 5000 H
Tesla Model S 265 | 60-85 kWh lithium ion ' 20”[;5”'”'”'”2'0”1': T e

O NiMH for HEV CLIB for HEV
M LIB for P-HEV W LIB for EV

Electrical vehicle market is dominated by Li ion batteries!




Expanding Battery Market

iCd

WW rechargeable battery demand B JPY/CY
M

H

Automotive LIB

M Portable LIB

Automotive NIMH

AJB1
AILT
AJ91
AJST
AW
AJET
AJTT
AJTT
AJOT
AJED
AJBO
AJLD
AJ90
AJ50
AJwD
AJED
AJZO
AJT0
AJ0O
AJe6
AJBG
AJLG
AJ96
AJSk
AJve
AJEG
AJTh
AJTe

Years

ecih 2013




History of Batteries
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Gaston Plante

Lead Acid ,\,Q(
Battery 1859 ,\QQ

(a )

Voltaic Pile
1800

Qca Batter of Baghda
ca. 200 BC j

1989

200 BC

NiCd Battery NiFe Battery

Lechlanche Cell 1899 (Edison) 1905
1866

Daniel Cell
1836




Electrochemistry

Redox potentials determine the

o viability of a redox couple as
energy producing galvanic cell

dard Reductian P ials at 25°C
E

Reduction Half-Reaction v

Foig) + 26~ —> 2F (ag) 287

HaOyirg) + 2H"ag) + 2~ —— 2HAN]) 178

MOy (ag) + 8 Hag) + 5e > Mn®*{ayg) + 4H,0(0) 151 agent

Claig) + Ze™ — 2 Cl{ng) 1.36

Cry0-"(aq) + 14 H ag) + 6 e~ — 2 Cr'*fag) + 7 H.O(0) 1.33

Oaly) + 4 HYag) + 4 — 2 HAN0) 123

Broll) + 2 —> 2 Briag) L9

Agting) + e — Agis) 0.80

Fet*ing) + e —= Fe'*(aq) 0.77

Oulg) + 2 HYagh + 2 — HOag) 0.70

L:sh + 2 — 217w 0.54

Oalg) + ZHAOU) + de — 4 OH{(wg) 0.400

Cu™lag) + 2™ — Culs) 0.34

Sn*mg) + 2 — Sn™*{ng) 0.15

2H*ag) + 2e —s Hidp) 0

Pb**{agh + 2e » Phis) -013

Ni**ag) + 2" > Nifs) .26

Cd**lag) + 2e” » Cdis) —0.40

Fel*{eg) + 2&~ —> Feis) 045

Znttagh + 2e° » Zn(s) -0.76

THOW + 2o » Halg) + 2 0Hng) —0.83

Al*ag) + 3™ » Alish ]
Weaker Mg**ag) + 2 — Mgis) -2.37 g
oxielizing Na*{aq) + € — Nals) -271 i
agent Li*faq) + ¢ —> Liis) -3 agent

E . = B, .q(cathode) - £, 4(anode)

o

What are reaction
mechanisms?

logram

Watthoursd

— Direction of electron flow —»

I 2> ’

Walther Nernst
Nobel Prize in
chemistry 1920
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n [Creactan ts ]
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Search for Electrode Materials

opper
- Lead

- Nickel
- Cadmium

Zinc
Aluminum
Magnesium
Sodium
Potassium
Lithium
Tendency to

oxidize (lose
electrons)

More .«  PERIODIC TABLE OF THE ELEMENTS
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1 13| e [ Ating conth metal 9 Hlogens ek 137 QA 14 VA 15T VA 16 VIA 17 VIA
ATOMIC NUMBER 10.811 [] Transiton meials i) Moble gas 5 108116 120117 14007|8 159999 1298
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” [ Actinide Ne - gas Fe - soiis caraon | nrosen | oxvaen
1 Ga - ligud Tt - syathetic
ELEMENT NAME

B 4 WB 5 VB 6 VIB 7 ViB 8 10 _ 11 8 12 1B | ALUMINIUM
21 44,956 | 22 47.867 | 23 50042 | 24 51.996 | 25 54.935 | 26 55.845 | 27 56.933 |28 58,603 (29 63.546 |30 6530 |31 60723 (3

Se | Ti | V [Cr |[Mn| Fe |Co | Ni [Cu|Zn | Ga E‘E
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39 53906 | 40 91224 |41 92906 |42 9594 |43  (96) |44 101.07 |45 10291|46 106.42 |47 107.67 |48 112.41|49 11482

Cathode 3
(reduction) ‘LK
e [ CathOdLE)

—— VIIB
9

14 28.086 |15 30074
Si | P
SILICOH. |PHOSPHORUS|
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p Electron flow l

Porous barrier i Cathode

orsaltbidga =

EfeatV) 4 N

Anoda compartment Cathode compartment
Oxidation occurs Reduction ocours

(oxidation)
Zn(s) -> an*(aq) + 2e-
CU+(aq) + 2e” 2 CU(S)

+ 2+
Zns) + 20 > 2N *

More
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Battery Performance

Storage capacity or charge density, C/L or C/kg
Energy density,

Power density, W/kg

Voltage efficiency, E/E°

Lifetime: shelf-life or charge/discharge cycles

Performance attributes

Batteries

Lead-acid battery o
« Effective surface area of electrodes
\\Ledanche Cell * Catalytic activity of electrodes
i  Diffusion of electroactive species through
electrolyte
- Side reactions and reversible processes

w Discharge time




Common Rechargeable

Battery Systems

Ragone plot
400 T
3 E g 300 %
W/kg CT . KijZn e ‘dm & 200 T
7 ~ &
" Q A $ ‘ ? 100
B n-Aar
P’*-Aﬂd/ L:M/\Fes; o
-~ . 0 Longer runtime —»
H, Fuel Cell
wl—— e rrr—— 0 50 100 150 200 250

J . 2 SPECSIF]C EN::GYI ; vrzv - LA Specific energy (Wh/kg)

Lead acid 2.0 Lead PBO, Aq. H,SO,
Nickel- 1.2 Cadmium NiOOH Aq. KOH
cadmium

Nickel-metal 1.2 MH NiOOH Aq. KOH
hydride
Lithium Ion 4.0 Li(C) LiCoO,




Performance Comparison

Energy Density (Wh/kg) 40 - 60 60 - 80
Cycle life (end of life @ 80% 800 - 1500 500
capacity)
Optimum charge time (h) 1.5 2-4
Overcharge tolerance Moderate Low
Deep discharge tolerance Moderate = Moderate
Self-discharge/month (@ 25°C) 20% 30%
Cell voltage (nominal) 1.2v 1.2v
Load current (continuous) >2¢C 05-1C¢C
Operating Temperature -20 to 0 to
+60°C +60°C
Maintenance requirement 30 dayts 30 days
Environmental impact Recycle Cd  Cd-free
Typical cost per Wh (US $) 0.48 0.79
In commercial use since 1950 1990

30

200 - 500

8 -16
High
Low
5%
2V

0.2¢C

-20 to
+60°C

3 -4
months

Recycle Pb

0.45

1970

80 - 160

300 - 1000

2-4
Very high
Very low

3-5%

3.7V
08-2¢

-40 to +60°C
6 -12 months

No heavy
metals

1.04

1991

100 - 160

300 - 1000

3-5
Very low
Very low

3-5%

3.7V
0.8 -2C

-20 to +60°C
6 - 12 months

No heavy
metals

1.84

1999




Energy Storage Methods Comparison

ENERGY ENERGY -

DENSITY  DENSITY T
(Wh/kg) (MJ/kg) i
Lead-acid 35 0.13 R /
Nicd 45 0.16 2] L
NGS 80 O 2 8 E— Miml-t:admi:n:
V3] A% — 80 Whika
NiMH 90 0.28 Tl
] f led 30— 4D Whikia
Li Ton 150 0.54 s it
GGSOIIHC 12000 43 1860 1840 1960 2010
Tirme of First Introduction
e N [ « For large scale storage

underground thermal, pumped
hydro and compressed air energy
storage systems are preferable.

« Superconductors can store energy
with negligible losses.

|
Better for Energy
ayement
plications

100

{Cost / capacity / efficiency)

Capital Cost per Unit Energy - §/kWh.output

ot for UPS & Powes Sttt  Fuel cells are a viable alternative
Quality Applications . . .
. ot =- : to petrol engines due to their high
100 300 1,000 3,000 10,

efficiency.

Capital Cost per Unit Power - $/kW




L ead Acid Batteries

Q R

B 13 o REPUSLIUE TRANCUSE §
@ T e E=206V e Sulfation of
iy ™\ electrodes is a
] e problem
: PbsSO, + 2H* + 2e- PbO, + H,SO, ™
+ 2H* + 2e- )
T H,S0, (36%) l'
M
Pb + H,S0,
PbSO, + 2H,0

_ J
Pb + PbOz + 2H2504 <> 2PbSO4 + 2Hzo

. Fully = Completely ~ .Q|dest type of rechargeable battery

22] e gt sy ey VB Charged  discharged
i {:ha'l_:mgun_\::ge CO!""HEH::emE-“’. Completion soc 100% Oo/o .LOW ener'gy and speC|f I C power' (2 5-30

ca.22V of gassing of charging

Wh/kg; 60-120 Wh/L)

e e DoD 0% 100% : ,
Chavg\rgnmeDvMﬂieofcharge—-: .Infer‘lor Cycle l'fe and Temper‘aTur‘e
| Cel ~6M ~2M
i performance
, | - : sLow cost, industrial batteries

e ocvV 127V 119V *Useful battery for ICE vehicles
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Nickel-Based Batteries

Nickel-Cadmium Cells (E=1.3V)
Cd(OH), + 2e- --> Cd + 20H-

I:> Invented by W. Junger, 1899
Commercialized in 1947

45 - 65 Wh/kg

Nickel-Zinc Cells (E=1.7V)
Zn(OH), + 2e- > Zn + 20H-

70 Wh/kg

‘ Nickel-Metal Hydride Cells (E=1.3V)
Nickel-Hydrogen M + xH,O + xe- > MH, + xOH-
2H,0+ 2e- > H, + 20H- Invented ca. 1975, commercialized 1988
80 Wh/kg 60 - 80 Wh/kg




LI Metal Batteries

Ligquid organic
electrolyte

Formation of Li
dendrites on charge

Inzertion compound Metal Li ‘

A _ Short circuit through
3 separator
First intercalation ‘
compounds: TiS,, Short circuit through
MOSZI 1970-1973 Separator
1980 \
Commercialization of Li/MoS, Incidents on End of metal Li

Batteries by Moli Energy Cellular phones  rechargeable batteries




Li Polymer

Thin, polymer membrane - no free electrolyte
= Very thin - Imm; light weight and flexible
= More resistant to overcharge

= High internal resistance
= Better performance at higher temperatures

= (Gelled electrolyte for better

Positive Folymer
clgf:fr'n:-dc ele T—_p?l':l.'_.l-: . Conduc.l. I‘vi.l.y
" | I
= Hybrid lithium polymer' or lithium ion

polymer

— 0.2C - 100% — 0.5C -99.5%
VoltageV  — 1.0C -99% — 2.0C-98%
|

4.2

38—

A helix of crystalline PEO , poly .

(ethylene oxide), with a lithium ——

0 200 400 600 800

CGTion ins ide Capacity mAh




Rechargeable Li lon Batteries

Charge (energy storage) —= e-

gL Charger g

Al current collector

M

e- —ail— Discharge (power to the device)

/ AL ’_."‘

(*)

7
Y
cCe

¢
) I

Electrolyte

ANOUE \

| \ S
i et =5
Charge =t
; Dis:charge
Separator

Cu current collector

Theoretica  26.8Ah Ah
Specific = T 884 —
Capacity  6.9x107°kg kg

1980 1990 }

Concept Commercialization

xLi*+ MO, + xe- > LixMO,; ca. 1V vs. NHE; 180 Ah/kg
Li > Li*+ e - 3.045 V vs. NHE; 3862 Ah/kg
xLi + MO, > LiMO,; ca. 3.5 V (ocv 4.1 V); 750 Wh/kg

" s lech 2013




Rechargeable Li lon Batteries

Positive Electrode Negative Electrode

=~
m

i
o

w
in

A A

I

Co/C NCA/C_—{Mn/C FeP/C_|Co/Ti_IFeP/Ti
3.8V 36V 3TV 3.2V 25V : 1.9V
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Voltage vs. Li metal
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s
[

2
n

A 4 h A 4 Y

o
=]

“Yoltage indicates approximate mid-point value, T e Vot e tic— e ol
Co=LiCoO,; Mn = LiMn,Qy; FeP = LiFePO,; C = Graphite; Ti = lithium titanate Specialty Carbon

Charge Discharge

ov @Y% o I | SUeoeeee -
i A Y A
Ca; ;’.'.:".. M ""’. Dlschargo
B 0?3033 o’:':’o

POSITIVE NEGATIVE POSITIVE NEGATIVE




Electrolyte

Nonflammable liquid with good Li-ion conductivity
Large expanded electrochemical stability window (5 V)
Low cost, non-toxic

Good low temperature performance v all 2H0 50+ dre s 4o

E*=123v— . w%2}1ah’ﬂ
+1.

—_
)]

Li* Li|:1-x}COOZ EH +|:|E: \
+0.2 [ waker thermody ramically stakbbke
E*= 0.0 v—Ji
02
. — ¥
L, —D.E—2H++ﬁt;"'21 ::H'm
L =1a
_ZlEdE ol L LB
o2 4 6 8 10 12 14
| o
passivating layers (SEl)
SEI Layer

Graphite, soft carbon, and hard carbon are good electrical conductors
The SET (solid- elec’rr'oly‘re interphase) layer on the carbon surface is
created during formation - it is electrically insulating but conducts Li+
The SET layer is essential to the longevity of the battery because it
prevents further reaction with the electrolyte

Its formation contributes to irreversible capacity - it consumes Li+
Formation of the SET layer occurs at about 0.7 V vs. Li/Li+




Search for New Materials

77

L M, M D,
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Endless Possibilities

)

ﬂ CoR OB EREn e ﬁ\
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Cathode Trends

LiCo, (LCO) “‘?
LiMn,O, (LMO)

LiMPO, (LFP) e
Li[Ni,Mn,Co,]0,-NMC

Li[Ni,Co,Al,]O,-NCA e

Sovrcer SANYO, March 20112

LiCoOs L
G- Caiy
LiICoQ: e 7
Rd st + ‘1".a'\’

Energy Denaity

Manganese spinel (LMO), Lithium iron

. 1 cafhode active materil MT/year phosphate, Lithium nickel manganese
;‘3 cobalt (NMC), Lithium Managnese
50000 swo | Oxide/NMC, Lithium iron

“xw | fluorophosphate, 5% Vanadium-doped

m LCO

lithium iron phosphate olivine, Lithium

CY0s CYDE CYO7 CY'DBI CYD9 IC\"l() .C'I'll - cri2 - CY13 I pur.pur‘in' Li-rhium manganese diOXide on

porous tin, Air




Anodes in Li lon Batteries

Lithium-titanate battery (LT), Lithium vanadium oxide,
Cobalt-oxide nanowires from genetically modified virus,
Three-dimensional (3D) porous particles composed of curved
2D nanolayers, Iron-phosphate nanowires from genetically
modified virus, Silicon/titanium dioxide composite nanowires
from genetically modified tobacco virus, Silicon whisker on
carbon nanofiber composite, Silicon nanowires on stainless
steel, Silicon oxide-coated double-walled silicon nanotubes,
Metal hydrides, Silicon nanotubes (or silicon nanospheres)
confined within rigid carbon outer shells, Silicon nanopowder
in a conductive polymer binder, Silicon oxycarbide-coated
carbon nanotubes, Electro-plated tin, Solid-state plated
copper antimonide nanowire, Boron-doped silicon
nanoparticles, Hard carbon, Silicon/conducting polymer
hydrogel, Nanomatrix structure, Carbon-encased silicon
nanoparticles, Lithium/titanium/oxide, Fe;O,-plated copper
nanorods, Nanophosphate, Nickel/Tin on porous nickel,




Anode Trends

Specialization and optimization is the key for individual product applications

Current Materials
« Carbonaceous
° Gr‘aphiTe ‘lesmz
* Hard Carbon
« Soft Carbon
 Lithium Titanium Oxide (Li,Ti501,,

SnO,

" SIC gn @
composite

Electrode Potential

or LTO) e € -
Future Materials e Coreity — vt o
ope Source: Sanyo, March 2011 '
« Silicon
« Nanomaterials
« Other 35000
30000 B B Si or Sn Type
00 | M Low cristalinity
v 20000 +—— — -
§ B l
15000 rl ————— @ Meso-Phase
10000
5000 Artificial Graphite
0 T 1 T T
sS288 22 Natural Graphite
O 06 8 O B
Source: Hitachi Che N N AN N NN

Courtesy of Polaris Battery Labs




Anode Trends

Graphite
Stacked graphene layers, crystalline, anisotropic
0.335 nm spacing between planes
About 10% volume expansion upon Li
intercalation
Theoretical maximum capacity 372 mAh/qg (LiC6)
Soft Carbon
« The graphene layers are neatly stacked but there is
less long-range order
+ 0.375 nm spacing between planes (variable)
Hard Carbon
« The layers of carbon atoms are not neatly stacked,
non-crystalline, macroscopically isotropic
« >0.38 nm spacing between planes means almost no
volume change upon intercalation and potentially
better cycleability

Mt =, ==

o e =
n'!ﬁ_?i}f ?i?ﬁ' ﬁ

k%:%’t\“_ ) i ¥




Anodes: Performance Comparison

Capactiy, % of 0.1C rate

100.00

Material

Graphite
Hard Carbon
Soft Carbon

90,00

B0.00

T0.00

&0.00

30,00

40,00

30,00

20,00

10.00

0.00
0.00

Initial
Capacity,
mAh/g

390
480
275

mAh/g
360
370
235

Cellsize: bagcell
Cathede: mbxed oxide
| Anode: soft carbon of graphite
Separatar; polyvalalin
| Electralyte: typical
Charge rate; vanous to 4.2V
| Discharga rate: 0.2Cta 2.7V
Temperature: ambient

.--5|:=ft carhnn.
|=-graphite

.00

4.00 6.00

C-rate

8.00 10.00

Reversible
Capacity,

12.00

Capacity, % of 0.1C

Irreversible
Capacity,

First cycle
efficiency, %

mAhlg
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100.0
0.0
80,0
T
60,0
50,0
40,0
30,0
200
10,0

0o
0.00

92
i7
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== pinal
-#-mized oxide

Call size: bag call
Cathode spinel or miked oxide
Anocle: soft carbon

Separator. polyolefin
Electralyte: typical

Charge rate: 0.2C 10 4.2V, then GV
wntil = 0Es

Cezcharge rate: variousto 2 7V
Temperatura: ambaant

2.00 4.00

B.00

10.00 12.00




Promising Anode Materials: Titanate

Lithium Titanate Anode Li,TisO, or LTO

« Theoretical capacity of 175 mAh/g

« Operating voltage is 1.5V vs. Li

« No SEI layer is formed - irreversible capacity is
low

« Less than 0.2% volumetric change from fully
discharged Li,Ti5O;, to fully charged Li,Ti5O;,

« Safety, long cycle life

« Excellent power and low temperature

performance




Promising Anode Materials: Silicon

Silicon has a theoretical capacity of 4200 mAh/g

High capacity batteries or lighter, smaller batteries can be
produced using Si anodes

But it also has large volume changes associated with lithium
intercalation (up o 300%)

Graphite is only 10%

The large volume change can mechanically disintegrate the
material and result in particles that are not electrically
connected, and battery failure occurs

Nano sized particles mitigate the effects of the volume
change and promote cycling stability
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Promising Anode Materials: Silicon

1.40
Cell size: coin cell Initial Capacity 4290 mAh/g
Cathode: silicon Reversitle Capacity 3830 mAhig
1.20 Anode: LI metal Irreversible Capacity 260 mAh/g
- Separator: polyolafin
Electralyta: typical
1.00 Charge rate: 0.05C to 0.002V., then
- SV until 0,020
- Discharge rate: 01C 10 1.5V
g“ 0.80 Temperatura: ambisnt
= 0.80 | First discharge - amorphous silicon
0.40
0.20 First charge - crystalline silicon
0.00 : : . Em—— .
0.00 0.50 1.00 1.50 2.00 2.50 2.00 3.50 4.00 4.50
Capacity, Ahlg
100.00
——nana Si
8000 ==micro 5i
80.00
" 70.00
==
g 60.00
2
=]
E 50.00
@ Cell size; bag cell or coin cell
= 40.00 Cathode mived axide
[ 3 Anode: Si nano or micra
Y 3000 Separator: polyalefin
Electrolyte: typical
20.00 Charge rate; 1C to 4.2V, then CV urtil i<0.05C
. Dischargerate 1C o 2.7V
Temperature, ambient
10.00
0.00 T T T T T .
0 50 100 150 200 250 300
Cycle Index

wech 2013

2.00

1.80

[ Cellsize: bag cell
| Cathode: silicon composite material

1.60 | Anode: Li metal

| Separator: polyolefin
1.40 || Electrolyte: typical

| Charge rate: 0.05C to 0.002V, then
1.20 | CVuntil i<0.02C
| Dischargerate: 0.1Cto 1.5V
| Temperature: ambient

1.00

Voltage, V

0.80
0.60
0.40
0.20

0.00 -
0.00

| Inital capacity 2088 mAhlg
| Reversible capacity 1509 mah/g
| Imeversible capacity 580 mahlg |

0.50

1.00
Capacity, Ahlg

— - T

1.50 2.00

2.50

®

Anode Materials for Lithium Ion Batteries, Mary L. Patterson,
Ph.D., Indiana University Battery Workshop, November 13, 2009




Li Ion Technology Evolution

" Energy density is calculated with Min. upac:ty‘vduo 2008 over J000mAh
E) -
£ 225 e new catnode material _—y @
§ © |  Typ.2600mAN
3 200 New Generation :
£ | Challengoe by using
8 Charging voltage: 2002 nw/mafs;?als r
> 475 | 410lo42 2001
e
o
£ 1998
o 150 |
g | fw
g 1995
2 125 yoge
- 1260man ! = S Sy
2 300 350 400 450 500 550 600 650 700 MWh Li-ion
Volumetric Energy Density (Wh/l) batteries
L = M Batteries
LLEEL Bir for EVs

5-10Wh

Per J.M. Tarascon, 2011




Li lon Battery Safety

i T 400 ¢
_ I_.If"."1r12'i3'4 E a0 | ' Licoo, e EC:PC:DMC
C_LI':'*:' LI“'K:'GODZ e 300 . Gonz L|N||.l OuashluesO; / \\ 1.2M LiPF
L o250 © | ;\f’\ ™
: | [ 7
200  Gend: Lisg(NihsCoaMnglas0s = ’ &
= ; \ Y \
: @ 150 4" i
N s Litn,0,
\, — S 100 ¢ _’L_.T\\ N\
E 50 LWNVANTHANAYN
—_ e - VAN
0 100 200 300 400
Cathode ‘ : Temperature (C)

Due to Reaction Between Cathode & Electrolyte.

Overcharging leads to dendrite growth
Dendrites lead to shorts
Shorts lead to heat, fire

Most organic solvents are unstable




Lithium Availability

Two main sources: Global Reserves: 13 million tons
 Saline deposits
* Minerals y
« Sea water (0.2 ppm) y
o~ ,EEGET-'E-{I
160 000 tons Li,CO; annual production -
7 Total
20-25% for battery sector (>32 000 tons) current Li
Production
Roughly 0.5 kg of Li,CO; per 1kWh battery ll
10 % of the 60 million cars are pure EVs (25kWh) ~ 10 Million
EVs

75 000 tons = ~ half of today's total production




LiS and Li Air

Lithium Sulfur Lithium Air

@ Dnscnarg;

L 0. - +

Natural, O'Qa;
Metallic | - Li*gu’ Alr
abundant, and J i
cheap feedstock -
Anode Air Electrode (Porous Carbon)
Organic Eleclrome Catalyst

Solid State
Electrolyle \Aueous Electrolyte

2Li*+2e"+S > Li,S (E°= 2,27 V) 2Li*+ 2e" + O, D Li,0, (E°= 3,14 V)
Specific energy = 3802 Wh/kg Specific energy = 5259 Wh/kg

0,5Li* + 0,5e" + Lig5C00, = LiCoO,
Specific energy = 550 Wh/kg

~ 500 Wh/kg
~ 380 Wh/kg

~ 180 Wh/kg

Per J.M. Tarascon, 2011




discharge

recharge

Li Air: "Holly 6rail of Batteries”

« Opportunities:

° Chal Ienges : Li,0, Reaction Products ~ —— : ]
s 3 A

APROTIC AQUEOUS

Lithium Metal — |

H igh CapaCitY Solid-Electrolyte Interface — &
Low COS"' Aprotic Electrolyte

Y
Lithium Metal ———__| ?ﬁ%’v

Artificial Interface

Aqueous Electrolyte +
Soluble Reaction Products

Energy inefficient oo
Oxygen elec.rr‘oca.raIYSt SOLID STATE MIXED AQUEOUS/APROTIC
Lithium protection
Lithium electrodeposition
Containment of electrolyte  cuscrun

Reaction mechanism?

Lithium Metal

Lithium Metal \

Solid-Electrolyte Interface —

Li* Conducting and
Hydrophobic Membrane

Aqueous Electrolyte +
Soluble Reaction Products

Air Cathode Air Cathode

qo.’) Reactions:
2 Lit + 2e- + O, 2 Li,0O,

O, +e 20, "

Li* + 02 - > LiO,




Li Air: Oxygen Cathode

VCon Y (a) 45 P.G. Bruce, JACS (2006)
e 1s* discharge
§ 331 (1000 mAh/g,.)
3
(8]
25
20

0 200 400 600 800 1000

Li anode Capacity /| mAhg"
50+ e Supar P === NiQ | = A.MnO.
- m— 1 FE 0y e -MNOs Cud
F |
o 401 S
o 1
Reaction product E 354
2 25. - 70 m"ﬂ"'[gcarbune
QL |
2.0 .
Triple interface ) 1 &l -

= Non aqueous electrolyte 0 ' 1d00 ' Qdog | 3d00
Capacity (mAh/g) -

Three-phase boundary is criticall




Metal Air Batteries

Metal-Air Batteries

— 12000
2
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Advantages:

+ Inexpensive

« High energy density
Disadvantages

 High internal resistance - low currents
« High self-discharge
« Carbonate formation




Metal Air Batteries

Wh/kg
so00 «MNON agqueous
Metal-air
—
2000 Aqueous
Metal-air
4000

LN

I 1000 ]

Lision > o




Sodium Sulfur Battery

. Sodium Sulfur Battery - NAS
RZGCTIONS . 2 V Call ‘ Nﬁrentiana 2V

< 2Na* - S e e
ZNG —_ ZNG + Ze 2,500 Cycle Life |
xS + 2e- 5 5,72

50 kW, 6 h Module *’gr‘;‘fo";z‘m 1sS

2Na + xS S N0255 ( x=5- 3) LCeu ! _’é
Ec = 2.076 - 1.78 V GEE

N

' Suffur
- Jﬁ’ Sketch of a 2 V NAS Battery Call
@ Na. manaiic st @ N3,5, sedum potysudlide Terminals Themmal Enclosure
® W', sodum won ® ¢ einchion
@ S sdfir ADVANTAGES.
_ﬁ" 1 Discharge Low COSf
,"": OC source [—_—_-_-‘l -'TT.|I-1-.’ 1,"‘_‘, ngh CYCIe Ilfe
2 00 0 High energy density

High energy efficiency
Insensitivity fo ambient conditions

DISADVANTAGES:
Thermal management
Uchance safefy
M8 458 ,(‘?;. Ne2Sx JEMF: 2.06-1.78V) Dur'able seals

Mechanical stress




Development Principles

. . tE Capacity x Potential
Goals driving new developments: -~ T
« Higher energy (e.g., x 2) 5 _}__
« Lower cost (e.g., %) =
. = Energy
* Higher rate £ -h?
 Higher number of cycles : 1
« Good durability e (o tmg}
« Enhanced safety
 Sustainability “source
Nedo (2009)
(Ceramic
e Solvothermal Wh
}‘}0“‘\"\' ; F;f(]‘u_\*g H\d?()ﬁ‘t ”Z‘Z[I()notﬁemza[ """" _hmi“‘;i;!);? 1300/ f&g
F}l()‘tt,\\ p’ocess . HIOCES! -

Novel production
methods - battery
manufacturing has
not evolved much
in the last 40

700°C 120°C 180°C 200°C 60°C
Solid state N Solution reactions ; years

G ad

tat on re -
reactions s Per J.M. Tarascon, 2011




Promising Developments

LiH,PO, + FeC,0,2H,0O
220-250°C

No vapour tension &

« Thermal stability > 300°C
« Non flammable LiFePO, 3 H.O + CO.
* 6Good solvent for numerous salts and polymers

« Cations-anions combinations (estimated at
15000, 1000 realized)

New family of Fluorosulfates AMSO,F, A= Li, Na: M =Fe, Ni, Co
MSO, H,O + LiF > LiMSO,F

LiFePO, Na,Fe(Mn)PO,F L|2FeS|O LIFE(MH)PO4

Tavorite Sillimanite Triplite 4.5

"I Poma 1 C2%
N. Recham, L. Dupont, D. Larcher, M. Armand, and J-M. Tarascon Chemistry of Materials 21(6), (2009) 1096 1107

4+ 1401 nﬁh.g

N i !
LiFeSOF LiZnSOF LiMnSOF Y WE ®i U6  am

xin Li FeSO,F




Promising Developments, cont.

* Room temperature .- i
synthesis

« Bio-mimetic synthesis

- LiFePO, synthesis

» Electrodes from genetically )=ty 1

modified viruses U e
« Organic electrodes

¢ sustainable eleCtrOdes 3 Carbpnyl oxwmzmi

Potential (V vs. Li)

Mat.Chem 2011
: ' ’ — L mAh/g ducm
LWL Raval, . Micniof, M. armand, Mater. Res. Soc. Symp. Proc, 458, 263~ 0 100 200 300 400 500 reducing

) . & Powsll, 0. L Maw aromalic-aniang. I Molacular orbsal calculalions o coyganated anions.
| Am. Chem. Soc, B5. 2577-2573 (1983,




Potential (V vs. Na*/Na)

Sodium lon Battery?

5 NaFe50 A
45 - aFeSOF NaVPO,F
4.0 : @
35 |~ Mag,MnO, }":g 2
Wallo |:I. E
30— all;s "
[ =
25 | I S
| MaTiy [P0y, . 1 l -/ E
20 Ha[—.a”“aﬂl._h*‘w':"l 5
1.5 (HaavatPoas o &
1.0 w
0
e L 0 0
L Seee | (e D JF

50 100 150 200 250

Capacity (mAh/g)

Higher availability:
« Na in Earth: 103 ppm
* Nain Sea: 10° ppm

Lower performance than Li Ion:
« Electrode potentials: Li (-3.04V), Na (-2.71V)
- Capacity (mAh/g: Li (3860), Na (1166)

Ful [ =

- en ka3 &n (1) &n = &n

~ B.L Elis,LF Nazaretal

| Nature Materials 6, 749 — 753, (2007)

1,2 1,4 1,6 1.8 2
x in Ma FePO F
® 4




What else Is needed?

* Understanding reaction mechanisms

« Characterization

 Bringing promising developmem's to commercialization

Posmve porous composnte
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Developing Battery Chemistry

) Battery Development Cycle {10 Years) Activity durations not to scale )
> Cholceof Cliemisiey Sy CellVoltoge, Reversibilty, Stability,Cycabilty, harge capacity, Cptimum operating Costsy »

D ElectrodeTesting >> Chamisteywerification, Charge copaciy, ical stabilly: St 3 soniag ) B tsjor investment Docisions

> Ghoiceof D e Gmits, products, Toncity, Safety, Cozts > > ikl .

Z>l'" il <3n affect anyor all of the others, Component Selectlon
D Choiceof Separator  >>  Porosity, Thicknezz, Usits, Mechankalstabiliy Sefety, Costs > > 3 tosting. including e testing
becepested after each change or series of
> Choice of Binders & Solvents >> Adhesion, Vistosity, Conductivity, Yoxicity, Costs > > changes.

> Elestrochemicl System >> Porer! g, Charge < e effic Cypele life, Heat i P limigs, Internal >>
Testing {Lab models] i ¢ Self Di , Dendrite & ion, Sid i ioncf active &inacti Metald it
L . fits >> i { ion of side iong, D ion, Intémal imped: Selfdisch °K‘)>>
> Particle Morpholagy >> Optimising particde size & shape, Crack o ton methods, C ing: > > Testi n g an d M 0 d e I i n g

> Miaterials Supply Scalability > Evalustion, Purity, Processes, Pacticle size conirol >
) Non-active nocification > Cas, Current coll i Is,Soals, Prossura vants
> peactical el m«;n))r i ive layer thickness, Electrods capacity ing, Velght, Safety, Design foc autemation, Costz
 Pre-prouctionsamples %y Pers ification testing, Capacity, Power, Energy density, Impedance, Vield, Leaksge, Lifotime >
 Environmental & Abuse Testing > Etactricand mec Vibration, Shock, G35 ion, Pressura vent, Safety >
> Thermal > o ing Heat ion, Heat remaval, Thormal runaway
> Calibroduction Processbesign JB)> _ Coating, Winding, TomF S>>
> Large Scale Active Mateslals Production Specification, Feasibility study >4
> Spedficharger Reaus > Chargi Charge tocmination level, Charge contro! >
D Gl g Equi Desi )} hing dosign & manuf i i
> At ol ion Equipment Dasizn Sy Automated mazhine design and menufecture > . . L
S Y ) Production Equipment and Facilities
> PossibleChargorSales Opilons )) Manufacturing- Make or By >
> Apgli ginceting W Battery Extornal clecultry, Thormal Monitering, ion, Controls
> FIIEA >> Failure Modes and Efects Analysiz (Obligatery inthe iveand somo other i >
> ProductQuatification S>> Complioncstesting intemational safoty and shipping Aendards, Industry Sondards > App“C&thﬂ Englneenng’ Quallflcatlon
> ReliobilityTesting %> ttery lifetime verification, Wareanty calculations >
> SolesfMorketing > Customerapplicationsengineering, CUstomer SLapoIt, PAckaging P>

It can take 10 years to get to production!




From Electrode to Commercial Battery

. *Proof of
Concept

*Initial
Sampling

~ «Seed funding

~$1M

Funding ; fime
consuming
‘Multiple iterations
needed to optimize
materials and
document benefits

*Timeframe: 1-2
years

L

*Advanced
Testing

Customer
Samples

- _/*AFunding

~$10 M

Funding ; Difficult
Customers engaged
and

want samples
*Enhanced lab required
*Material selection
*Test challenges
‘Timeframe: 2-4
years

Courtesy of Polaris Battery Labs

7

( Mass Design
.UN/ULTEStS

*Final Product

B Funding to
Profitability

~$100 M

Funding ; Difficult
*Customer
commitment
to a product
*Capital, facility,
quality,
staffing plans
required
*Qualification and
supplier audit
Timeframe: 3-4
years




Energy densi

Battery Outlook
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Conclusion: Future Directions

Lis Cathodes: Solid State Li Ion
LiCo(Mn, Ni)O,/C,

|I Na,FePO,F, LiVOPO,

“-.©  Organic

Li S electrodes Anodes: Titanates, Si, etc.

Li Ion —J

Na Air

Characterization

BN is critical
Qj’o
Q\
Path to
: . =l production
Metal Air LA and Ni-based Flow challenging
Batteries Batteries Batteries




Batteries: The Search for a Perfect Chemistry

Thank you for your attentionl

The search for a perfect chemistry is not over.
The convergence between new material
technologies and batteries brings promise and it
is clear that great advances will be made and
numerous technologies will be competing in the
battery field in the next several years. One day,
when the search is over, the battery technology
will reach its maturity.




