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Batteries

e Definition: devices that transform chemical
energy into electricity

* Every battery has two terminals:
positive cathode (+) and the negative anode(-)
* Procedure to produce electricity

Device plug in =2 chemical reaction started
—electron produced —>electron travel from (-)
to (+)—2electrical work is produced
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Lithium-ion
batteries
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Hybrid car
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Electrochemical Cell
An electrochemical cell :

a negative electrode to which anions (-) migrate — donates electrons to the eternal circuit as
the cell discharge (anode)

A positive electrode to which cations migrate (cathode)

Electrolyte solution containing dissociated salts, which enable ion transfer between the two
electrodes, providing a mechanism for charge to flow between positive and negative
electrodes.

A separator which electrically isolates the positive and negative electrodes.

Electron Flowy
Externs Lo=ad -

L Electraolyte —
Parous
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How Electrochemical Batteries Work
e REDOX Reaction

Electron Flow —7¥

Oxidation, the loss of
occurs at the anode.

\\E}I’ectrolyte \Electrolyte

rons, occurs at




The Periodic Table: choose the
electrode

' Periodic Table of the Elements
3 3 hydrogen B poor metals
Li Be alkali metals O nonmetals
9 alkali earth metals B nohle gases
9 . " M1gz transition metals rare earth metals
a

19 20 21 22 23 24 25( 26 27 28 29
K |Ca|Sc|Ti |V |Cr|Mn|Fe |Co|Ni | Cu

ar 38 38 40 41 42 43 44 45 46 47
Rb|Sr|Y |Zr [Nb|Mo| Tc | Ru|Rh |Pd | Ag

55 56 a7 72 73 74 75 76 T 78 79
Cs|Ba|lLa|Hf | Ta|W | Re|Os| Ir |Pt | Au

87 88 89| 104| 105| 106| 10F( 108 108 110
Fr | Ra| Ac|Ung|Unp{Unh|Uns |Uno|Une|Unn

58 58 &0 &1 62 63 64 65 &6 &7 &8 69 70 |
Ce| Pr|Nd|Pm|Sm|Eu|Gd | Tb | Dy|Ho | Er | Tm|Yb | Lu

90 =1 92 a3 94 95 98 a7 98 991 100 1 102 103
Th | Pa| U |[Np |Pu|Am|Cm Bk | Cf |Es [Fm| Md| No| Lr

Combination of electrodes to make a variety types of batteries:
lithium ion battery ~ nickel-zinc ~ zinc air ~ Nickel cadmium ~ Niiron ~ Silver zinc ~ Mercury
cell



Time Event Name

200B.C. Baghdad battery 4
1791 Frog leg experiment Golvani

| 1800 Voltaic piles Volta
1802 Cruickshank

ant battery {2,000 cells) Davy

1820 Electricity from magnetism Ampere
1827 Ohm's law Ohm
1833 lonic mobility in Ag:S Faraday
1836 Cu/CuS0y4, InS04/Zn Daniell
1839 Principle of the air cell Grove
1859 Lead acid battery Plante
1868 Zn/NH4CUC wet battery Leclanche
1874 Telegraph Edison
1878 Air Call Maiche
1880 High capacity lead/acld Faure
1881 Zn/NH4CU/C encapsulated | Thiebault
1885 Zinc-bromine Bradley
1887 In/MH4CUC dry battery Gassner
1891 | Thermodynamics of dry cells Nernst
18%¢ Nickel cadmium battery Jungner
1900 Ni Storage batteries Edison
1905 Niiron batteries Edison
1911 Automobile self-starter Kettoring
1927 Silver zinc Andre
1930 Nick=l-zinc batt=ry Drurmm
1943 Cuprous chloride battery Adams
1945 Mercury cell Ruben
1950 Sealed mercury Cell Ruben
1956 Alaline fuel cell Bacon
1959 Alkaline primary czll Urry
1983 | Lithium metal rechargeable Moli
1991 Commercial lithium ion Sony
1952 Reusable alkaline Kordesch
1995+ Recent develooments




Electrochemical Battery History.Cont’d

The Voltaic Pile -
— Invented by Alessandro Volta in 1800 e
— Zinc and Copper with a cloth soaked in brlglgctmlyte -

— Technical Flaws:

: |
* Compressing of cloth created shorts
. : Zinc——_ |
Short battery life Copper }1 FElement
(»)
o voltmeter
The Daniel Cell negatve @ positve

— Invented in 1836 by John Daniell e Sitbridge g o
The lead-acid cell i ’

— Invented in 1859 by Gaston Planté || )
_ Fi rSt rec h a rgea b | e batte ry zinc sulphate solution copper sulphate solution

The zinc-carbon cell
— Invented in 1887 by Carl Gassner



Electrochemical Battery History Cont’d

The Nickel-Cadmium Battery
— Invented in 1899 by Waldmar Jungner.

The common Alkaline Battery
— Invented in 1955 by Lewis Urry

The Nickel Metal-Hydrid Battery

— NiMH batteries for smaller applications started to be on the market in
1989.

Lithium and Lithium-ion Batteries

— First lithium batteries sold in the 1970s

— First lithium-ion batteries sold in 1991 = portable electronic devices
— First lithium-ion polymer batteries released in 1996



IR BT Y [

o (EFRAR S HHFe A SRR ATIEE R W e B A
s PrEEENEEEE TS HZIn+2 FEE RV EE

w-uu
il

- @R e ERET
WS e B R o

DB SRR ST e %}%}5 -

2 AR BRI 2o 0 BLE "l )

AN

FERRORERR




HEWLF

|W|TTWE
|{EXWHF
REAETWH
SERtT _RWhE

HYERan®Ls

NaS®EtF

R
HFRERESa®it
SRERRERN TR
BRI S

AEBEEW
RETHTL - BT
TUBBERS

Various
kinds of batterie.



Primary vs. Secondary Batteries

* Primary batteries are disposable : their
electrochemical reaction cannot be

reversed.

* Secondary batteries are rechargeable,
because their electrochemical reaction
can be reversed by applying a certain
voltage to the battery in the opposite
direction of the discharge.
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Terminology and Units

Primary Batteries — Disposable
Secondary Batteries — Rechargeable
emf — Electromotive force, voltage

Ampere-hour (Ah) = 3600 coulombs, a
measure of electric charge

Watt -hour (Wh) = 3600 joules, a measure of
energy

Ah = (Wh) / emf



Theoretical Cell voltage

* Anode (oxidation potential)+ cathode
(reduction potential)=standard cell potential

Zn+Cl, 2ZnCl,
/n—> Zn*? +2e -(-0.76 V)
Cl,>2Cl -2e 1.36V
Ec =2.12V —>theoretical voltage



e /n

0.82 Ah/g
1.22g/Ah

Theoretical capacity

+ Cl2 = ZnCl2

0.76 Ah/g
1.32g/Ah =  2.54 gAH or 0.394/Ah/g



Primary Alkaline Batteries

* Can lose 8 — 20% charge every year at room
tempurature.

* Discharge performance drops at low
temperatures.

I YN YN V2 N

1.250 2.890 0.625 8.350 20.500
(Ah)

\ell-Te[-2 1.5 1.5 9 1.5 1.5

SICIIAN 1.875 4.275 5.625 12525  30.75
(Wh)




Secondary Alkaline Batteries

e Self-discharge more quickly than primary batteries

Low-Capacity NiMH High-Capacity NiMH NiCd
(1700-2000 mAh) (2500+ mAh)

Ch arge Cycles 1000 1000

 Must not overcharge because that will damage the batteries. Quick
charges will also damage the batteries.

* Must not over-discharge.
* NiCd has “memory effect.”

* NiCd is better for applications where current draw is less than the
battery’s own self-discharge rate.

* NiMH have a higher capacity, are cheaper, and are less toxic than
NiCd.



Recharge-ability & the “memory effect”

* Recharge-ability: basically, when the direction of electron discharge
(negative to positive) is reversed, restoring power.

the Memory Effect:

The battery appears to "remember" the smaller

capacity

the term 'memory' came from an aerospace nickel-cadmium
application in which the cells were repeatedly discharged to 25% of
available capacity by exacting computer control, then recharged to
100% capacity without overcharge. This long-term,

repetitive cycle regime, with no provision for overcharge, resulted
in a loss of capacity beyond the 25% discharge point. Hence the
birth of a "memory" phenomenon, whereby nickel-cadmium

batteries purportedly lose capacity if repeatedly discharged to a
specific level of capacity.

Source: wiki


http://en.wikipedia.org/wiki/Charge_cycle

Types of Batteries

e Zinc-Carbon: used in all inexpensive AA, C, and
D dry-cell batteries. The electrodes are zinc
and carbon, with an acidic paste between
them serve as the electrolyte (disposable)

e Alkaline: Curalcell or Energizer cell batteries.
The electrodes are zinc and manganese-oxide,

with an alkaline electrolyte (disposable]




Modern batteries

Lead-Acid: used in cars: the electrodes are
lead and lead-oxide, W|th an aC|d|c electrolyte
(rechargeable) S—

Lithium-ion batteries

- rechargeable and no memory effect
Fuel cells '
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Battery Aspects

Energy Density: total amount of energy that can be
stored per unit mass or volume >how long will your
laptop run by a fully-charged cell.

Power Density: Maximum rate of energy discharge per
unit mas or volume. Low power: laptop, ipod high
power car

Safety: could sustain at high temperatures

Life: stability of energy density and power density with
repeated cycling is needed for the long life required in
many applications.

Cost: Must compete with other energy storage
technologies



Lithium ion battery
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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.



INLcrCaldulorn Process

graphite

oxidation

of
host lattice g
I

reduction
of
ost lattice

i |
I_ o

pr—— |
S0 =m0 .
e electrnlyte/
lattice rearrangement

ctice rearrangement diffusion of Li*
diffusion of Li* phase transfgf Li* I

Lithium ion phase transfer

FEIY » SEMEFHELICOO2ARH + Cov3%{LfCord; HTARERMET HIlift ALiCo02, HICora
2> Co+3

o YAmJEERR o TR EEIR YN A BE & 108 (5 $EEE T R {KEE & 2 IEMRA RHF Bl sl 1% 8
MR RE B8 m ZIRRE  MIER: - S 5 A S e 2B 2 B RS ) 287
ReeE Z IEfbrkl 2 oh > W [ERE MR BE =




. 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

74
_Liy Mn, MO, /

“ L Positive material:
D L']-)(L(':Olt-\fiMyozo 0, M=Mg, Al...] Q of Liion
- 1""“,: ’_M‘ EYEERE ssums @ jimited RT cycling %9
Polyanionic compounds [Li;_ VOPQ,, Li,FePQy,]

O

B {) of Limetal
~Li,Mn; M,0, [M=Cr, Co,..] ’
nEREN
- Vanadium oxides f
| Vet SNty Li-ion Li-metal
potential potential

Negative material:

3d-Metal oxides - )
€) ofliion
Composite alloys  [Sn(O)-based] (€) limited cycling)
B [Sn(M)-based] - @) of Li metal

Carbons .
Graphite

Nitrides LiM
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0 2 400 600 800 1000 / 3,800 4,000
Armand, Na%re, 2001 .
Capacity (Ahkg')
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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
A 28y 28 BE(V) A
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
NGNS 3D LiMn,O, 148 110 3.7 & & B R
(Spinel) AR




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

2400
~2100

T

-
e
=4
o

- 1500
1200

§ 5

300

)

L]
v

cm

Capacity (mAh

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.

400

300

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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power-plus’

MODEL:GSP 103448 -1300mAh -3.7V
www.ppbattery.com ¢¢ @ &



