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Lithium

Periodic Table Symbol: Li

Atomic Weight: 3 (light!)

Like sodium and potassium, an alkali metal. (Group
1 —#s 1 through 7)

Highly reactive, with a high energy density.

Used to treat manic-depression because it is

particularly effective at calming a person in a “manic’
state.

The most electropositive (-3.04V versus
standard hydrogen electrode
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Composition of Li-ion batteries

Electrode Anode(&#E) | Cathode(IE4H)
Role
Component Example Example
Active Material | Reversibly stores chemical Graphite LiCoO, or LMO2
energy
: Stabilizes electrode coating PVDF or SBR
Binder . - _
(holds it together) (Polyvinylidene fluoride)
Current Supports electrode material Copper Aluminum
Collector Leads to electronic circuitry PP
eI R RICEEE R R PR RICE Carbon Black, Graphite
Electrolyte | -\7/On transportation Salt:LiPF6 + Solvent:

Carbonates




Lithium lon Battery Development

* Pioneering work for the lithium battery bagan in
1912 by G. N. Lewis but it was not until the early
1970’s when the first non-rechargeable lithium
batteries became commercially availble

e |nthe 1970’s Lithium metal was used but its

instability rendered it unsafe | )
S
+ -
Positive Non-aqueous Negative
(Li, Host 1) liquid electrolyte ) (Lithiumn)

_',

After 100 cycles

Schematic diagram of Li-metal battery



Why lithium-ion other than Lithium
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Lithium lon Battery Development

e Attempts to develop recharageable lithium batteries followed
in the eithties, but failed due to safty problems

* The lithium ion battery has a slightly lower energy density

than lithium metal, but it is much safer. Introduced by Sony
1991

o\
W
- -

Positive Non-aqueous Negative
(Li, Host 1) liquid electrolyte (Li, Host 2)

Schematic diagram of Li-ion battery



Lithium secondary battery

* A chemical intercalation reaction

* |ntercalation is the reversible
inclusion of a molecule
between two other molecules

Ex: graphite intercalation compounds

Armand, Nature, 2001

(V)
O/
+ -
Positive Non-aqueous Negative
(Li, Host 1) (Lithium)

liquid electrolyte

After 100 cycles
Schematic diagram of Li-metal battery

(V)
+ -

Positive Non-aqueous Negative
(Li, Host 1) liquid electrolyte (Li, Host 2)

schematic diagram of Li-ion batterv



The operation principle of a Li-lon
battery

To a large extent, the cathode material limits the
performance of current Li-ion batteries

/-\ * During charging an external voltage
\_/ source pulls electrons from the
cathode through an external circuit to
the anode and causes Li-ions to move
from the cathode to the anode by
transport through an liquid

Separator

electrolyte.
Cathode * During (ihsE:lhlarge the pl'%cessgs are
WV Vo Y - = reversed. Li-ions move from the
LilLi Li Li Li Li - |
ATFAASA , : anode to the cathode through the
Active material electrolyte while electrons flow

through the external circuit from the
anode to the cathode and produce

Non-aqueous electrolyte
POWEL.
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. G. Bruce, B. Scrosati, J. M. Tarascon, Angev

; hem. Int. Ed., 2008, 47, 2930
discharge

Graphite Li* conducting electrolyte LiCoO»

sl Tk Charging Co+3->Co+4

A% - L1Col: — L11-xCo0: + xLit + Xe- gischarging Co+4->Co+3
AV & _g#:6C + xLit + xe- — LixCs

R JE : B6C + L1Co0: — LixCs + L11-xCol:



Rocking-chair tecnology




Fotential versus LVLI* (V)

0

Combination of positive materials and
negative materials for Lithium batteries
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Voltage of a cell

V(battery)=VIE - V&
_ ' """"Cathad_e_(ﬁﬁ_ﬁ)

LiNi, Mn, .0,
g !
i .
| LICoO, )
}
>
m :

4 ::'*h LI4TIEO12 _,-'::

L’E Graphite

40 60 80 100 node (&)
% of actual capacity




Capacity

]
Total cell (mAh g_]) =
(1/Ca) + (1/Ce) + (1/Om)

B CaCcOwm
CaOm+ CcOm + CaCc

where Ca and Cc are the theoretical specific capacities of the
cathode and anode materials, respectively, and 1/Qy is the spe-
cific mass of other cell components (electrolyte, separator, cur-
rent collectors, case, etc.) in g mAh™!. 1/0y will vary with cell
geometry and dimensions, and will include any failure to obtain
the theoretical capacity values and any other excess required,
e.g.. to provide excess cathode material for formation of the sur-
face electrolyte interphase (SEI) film at the anode. For carbon,
Ca is 372mAh g~ !, and for LiCoO,, Cc is 135mAhg~!. For
the Sony 18650G8 cell (2550 mAh, 46 g), Om may be calculated
to be 130.4mAhg~!. A similar calculation may be performed

in terms of mAhcm—3.



Cathode materials

LiEe™ PO,

i AT R R
3D frameworks 2D channel 1D channel
Spinels Lamellar LiCoO, Olivine

Fd3m R3m Pnma



Cathode materials in Lithium-ion

MElEE | B | EEERMR HinE | FfEE | PELFE | Z2E ) RF | ERERE
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Z=E (mAh/g) | (mAh/g)
it 1D LiFePO, 170 | 140-150 3.4 5 ks BB R
(Olivine) A B
BAREN D 2D LiCoO, 273 160 3.6~3.7 fiya] = /N
(layered Li(Co-Ni)O, 180 &
Oxides) Li(Ni-Mn)O, 160 Eh B R
LiCo,,;Ni,;Mn, .0, 190 AR
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LiFePO, active material
for lithium batteries

a Potentially low cost and plentiful elements;
a Environmentally benign;
a Theoretical capacity = 170 mAh/g

a Different synthetic methods: sol-gel, solid state, hydrothermal...

Structures of orthorhombic LiFePOy and trigonal quartz-like FePO,.

34
Source: M. Stanley Whittingham. Chemical Reviews. 104 (2004) 4271-4301; R. Dominko.et al. Journal of The Electrochemical Society. 152
(2005) A607-A610; Bo Jin et al. J Solid State Electrochem (2008) 12:1549-1554.
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Cathode Materials Challenges

e The most desirable cathode materials are

strong oxiding agents that can react with and
decompose organic electrolytes

* |[n extreme cases, problems with internal
shorts or improper voltages can trigger
exthermic reactions, leading to thermal
runaway and catastropic falure
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Anode materials: Carbon C

1972 Define the concept of chemical intercalation

Graphite intercalation compounds are complex materials where an
atom, 1on, or molecule 1s 1nserted (intercalated) between the
graphite layers. In this type of compound the graphite layers
remain largely intact and the guest species are located in between

However, its theoretical capacity (LiCe) is only 372 mAhg -1

19
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Anode materials

Anode material Fully lithiated Theoretical Volumetric capacity*
material Specific capacity (mAh/cm?)
(mAh/g)
Al LiAl 993 1374
Sb Li,Sb 660 1881
Sn Li,,Sn, 994 2025
SiO Li;sSi, >2000 ~200
Si Li .Si, 3579 2200
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Li-alloy based anode materials for Li
secondary batteries

3500

CSR, 2010

] 0
C SiGeSnPb C Si Ge SnPb

IV group elements
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During discharge:

Si (crystalline) + xLi™ + xe~ — Li,Si (amorphous)
+ (375 = x)Li" + (3.75 = x)e (1)

— Li;sSiy (crystalline) (2)

—

During charge:

Li,sSi4 (crystalline) — Si (amorphous) + yLi" + ye~
+ Li;5Siy (residual) (3)



Anode capacity for total specific
capacity
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Fig. 1. Total capacity of 18650 Li-ion cell as a function of anode capacity (Cy),
including masses of other required internal components and case. Capacities of

cathodes considered were 140 and 200 mAhg—!.
Electro Acta
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Electrolyte challenges:

* Liquid electrolyte ( LiPF6/EC+DMC)

* Problems: leakage, non-flexibility of the cells,
side reactions with charged electrodes

* Explosions
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Lithium-lon and Lithium-lon Polymer

Batteries

Great energy-to-weight ratio (~¥160 Wh/kg compared
to 30-80 Wh/kg in NiMH)

No memory effect.

Slow self-discharge rate.

Battery will degrade from moment it is made.
Protection circuits are required to protect the battery.

Li-lon Polymer batteries are significantly improved.
— Higher energy density.

— Lower manufacturing costs

— More robust to physical damage
— Can take on more shapes.




Comparison of the different battery
technologies in terms of volumetric
and gravimetric energy density.
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Energy density (W h 1)

Lighter weight  ——3»

I | 1 I | I
0 50 100 150 200 250
Armand, Nature, 2001 Energy density (W h kg)
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Disadvantages of Li-lon

EXPENSIVE -- 40% more than NiCd.

DELICATE -- battery temp must be monitored
from within (which raises the price), and sealed
particularly well.

REGULATIONS -- when shipping Li-lon batteries
in bulk (which also raises the price).

Class 9 miscellaneous hazardous material
UN Manual of Tests and Criteria (lll, 38.3)




Schematic drawing of Li-ion batteries

3.8V
1.5 Ah

Figure 4 Schematic drawing showing the shape and components of various Li-ion
battery configurations. a, Cylindrical; b, coin; ¢, prismatic; and d, thin and flat. Note the

Liquid electrolyte c
— )
Cell can
Se _ara}&l)r = -
! X n - . .
Separator . LA Liquid electrolyte
Carbon__ Cu—=
J <Cell can
2‘;\\ Separator
Carbon Li;, ,Mn,0,
Separator
Al Mesh
4 +Plastic electrode
Ié;gg{;jolyte » (Cathode)
Carbon - Plastic electrolyte
— Plastic electrode
Separator —
\ (Anode)
Cu mesh
’\ Li,.,Mn,0, i
Cell can

configurations, the PLIlON technology does not contain free electrolyte.

unique flexibility of the thin and flat plastic LilON configuration; in contrast to the other



Types of lithium-ion batteries
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Types of lithium-ion batteries
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Voltage of a cell

V(battery)=VIE - V&
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Capacity

]
Total cell (mAh g_]) =
(1/Ca) + (1/Ce) + (1/Om)

B CaCcOwm
CaOm+ CcOm + CaCc

where Ca and Cc are the theoretical specific capacities of the
cathode and anode materials, respectively, and 1/Qy is the spe-
cific mass of other cell components (electrolyte, separator, cur-
rent collectors, case, etc.) in g mAh™!. 1/0y will vary with cell
geometry and dimensions, and will include any failure to obtain
the theoretical capacity values and any other excess required,
e.g.. to provide excess cathode material for formation of the sur-
face electrolyte interphase (SEI) film at the anode. For carbon,
Ca is 372mAh g~ !, and for LiCoO,, Cc is 135mAhg~!. For
the Sony 18650G8 cell (2550 mAh, 46 g), Om may be calculated
to be 130.4mAhg~!. A similar calculation may be performed

in terms of mAhcm—3.



Cathode materials
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Cathode materials in Lithium-ion
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LiFePO, active material
for lithium batteries

a Potentially low cost and plentiful elements;
a Environmentally benign;
a Theoretical capacity = 170 mAh/g

a Different synthetic methods: sol-gel, solid state, hydrothermal...

Structures of orthorhombic LiFePOy and trigonal quartz-like FePO,.

34
Source: M. Stanley Whittingham. Chemical Reviews. 104 (2004) 4271-4301; R. Dominko.et al. Journal of The Electrochemical Society. 152
(2005) A607-A610; Bo Jin et al. J Solid State Electrochem (2008) 12:1549-1554.
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Cathode Materials Challenges

e The most desirable cathode materials are

strong oxiding agents that can react with and
decompose organic electrolytes

* |[n extreme cases, problems with internal
shorts or improper voltages can trigger
exthermic reactions, leading to thermal
runaway and catastropic falure
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Anode materials: Carbon C

1972 Define the concept of chemical intercalation

Graphite intercalation compounds are complex materials where an
atom, 1on, or molecule 1s 1nserted (intercalated) between the
graphite layers. In this type of compound the graphite layers
remain largely intact and the guest species are located in between

However, its theoretical capacity (LiCe) is only 372 mAhg -1
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Anode materials

Anode material Fully lithiated Theoretical Volumetric capacity*
material Specific capacity (mAh/cm?)
(mAh/g)
Al LiAl 993 1374
Sb Li,Sb 660 1881
Sn Li,,Sn, 994 2025
SiO Li;sSi, >2000 ~200
Si Li .Si, 3579 2200
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Li-alloy based anode materials for Li
secondary batteries

3500

CSR, 2010
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During discharge:

Si (crystalline) + xLi™ + xe~ — Li,Si (amorphous)
+ (375 = x)Li" + (3.75 = x)e (1)

— Li;sSiy (crystalline) (2)

—

During charge:

Li,sSi4 (crystalline) — Si (amorphous) + yLi" + ye~
+ Li;5Siy (residual) (3)



Anode capacity for total specific
capacity
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Fig. 1. Total capacity of 18650 Li-ion cell as a function of anode capacity (Cy),
including masses of other required internal components and case. Capacities of

cathodes considered were 140 and 200 mAhg—!.
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Electrolyte challenges:

* Liquid electrolyte ( LiPF6/EC+DMC)

* Problems: leakage, non-flexibility of the cells,
side reactions with charged electrodes

* Explosions
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Lithium-lon and Lithium-lon Polymer

Batteries

Great energy-to-weight ratio (~¥160 Wh/kg compared
to 30-80 Wh/kg in NiMH)

No memory effect.

Slow self-discharge rate.

Battery will degrade from moment it is made.
Protection circuits are required to protect the battery.

Li-lon Polymer batteries are significantly improved.
— Higher energy density.

— Lower manufacturing costs

— More robust to physical damage
— Can take on more shapes.




Comparison of the different battery
technologies in terms of volumetric
and gravimetric energy density.
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Armand, Nature, 2001 Energy density (W h kg)
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Disadvantages of Li-lon

EXPENSIVE -- 40% more than NiCd.

DELICATE -- battery temp must be monitored
from within (which raises the price), and sealed
particularly well.

REGULATIONS -- when shipping Li-lon batteries
in bulk (which also raises the price).

Class 9 miscellaneous hazardous material
UN Manual of Tests and Criteria (lll, 38.3)




Schematic drawing of Li-ion batteries

3.8V
1.5 Ah

Figure 4 Schematic drawing showing the shape and components of various Li-ion
battery configurations. a, Cylindrical; b, coin; ¢, prismatic; and d, thin and flat. Note the
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configurations, the PLIlON technology does not contain free electrolyte.

unique flexibility of the thin and flat plastic LilON configuration; in contrast to the other



Types of lithium-ion batteries
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Types of lithium-ion batteries
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Fuel Cell: Principle of Operation

Catalysts: @

Platium, oxide, carbon etc
Anode ‘Eg

Cathode
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Overall: H, + /2 O, —» H,0



Schoenbein (1838)
Grove (1839)

Mond and Langer (1889)

Reid (1902)

Schmid (1923)
Heise (1932)

Bacon (1959)
Allis-Chalmers (1959)

GE, Grubb and Niedrach (1960)
GE, Gemini Space Mission (1962)
GE and Union Carbrid (1965)
P&W, Apollo Space Mission (1965)
Dupont (1972)

P&W, TARGET (1967-1976)
Moonlight Project (1981-1992)

Jet Propulsion Laboratory (1992)
Ballard Power System (1993)
CaFCP (1998)

Toyota & Honda (2002)
Hydrogen Fuel Initial (2003)
Freedom Fuel (2003)

International Partnership for the
Hydrogen Economy (2003)
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How does a Fuel Cell work?
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How a fuel cell function

*Unlike battery, fuel cell
does not run down or
require recharging.

*Fuel cell consists of two
electrodes sandwiched
around an electrolyte.

*Encouraged by catalysts,
H, (fuel) and O, (a1r) occur
anodic and cathodic reaction
(with electrons create a
separate current) then
generate electricity, water
and heat by chemical
reaction.
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DMFC, direct methanol fuel cell
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Fuel Cell




