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tethered in the wireless age portable power

the growing need for portable 

power in a wireless age
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tethered in the wireless age portable power

transportationbiomedical devices

enabling radical innovation
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motivation

Imagine driving this:
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motivation (continued)

without the need for this:
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The message

The road to autonomy is paved     

with advanced materials.  
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A bit of automotive history
1888 Frederick Kimball, Boston:

first electric passenger car
why now the renewed interest?

answer: CARB
to improve urban air quality

CARB set new standards, including...
CARB Implementation Dates for ZEVs

1998  2% new car sales
2001  5% new car sales
2003  10% new car sales

1991 NESCAUM formed
1992 MA adopts CA standards

in the minds of many policy makers, ZEV implies EV
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Problems with EV propulsion

1. range: function of energy density of the battery.  
Compare gasoline @ 12,000 (theo.) / 2600 Wh/kg 
with the lead-acid battery @ 175 (theo.) / 35 Wh/kg

2. time to refuel: charge 40 kWh in 5 minutes?
220 V × 2200 A!!!

When you pump gasoline @ 20 �/min, 
your energy transfer rate is about 10 MW!
(Hint: energy density of gasoline is 10 kWhth/�.)
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Problems with EV propulsion

3. cost: 
(1) light but safe means higher materials costs, 

e.g., less steel, more aluminum; 
and higher processing costs, 

e.g., fewer castings, more forgings...
(2) to reduce load on the battery requires 

high efficiency appliances costly
(3) low cycle life — batteries priced @ $4,000 to $8,000 

lasting about 2 years
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relevant enabling technology

large
format
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specific energies of battery chemistries

(Wh/kg) (MJ/kg)

lead acid 35 0.13
NiCd 45 0.16
NaS 80 0.28
NiMH 90 0.32
Li ion 150150 0.540.54

gasoline 12,00012,000 4343
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Sadoway’s Rule

1 Wh/kg storage capacity 

1 mile driving range
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Battery basics

what is a battery?
a device for exploiting chemical energy

to perform electrical work
i.e., an electrochemical power source

the design paradigm?
choose a chemical reaction with 
a large driving force (ΔG) and fast kinetics
to cause the reaction to occur by steps 
involving electron transfer
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A simple chemical reaction

PbO2 +  Pb  +  H2SO4(aq)

2 H2O  +  PbSO4

intimate mixing of all reactants
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Same reaction, but not so simple

Pb  +  SO4
2−

(aq) PbSO4 +  2 e−

PbO2 +  4 H+
(aq) +  SO4

2−
(aq) +  2 e−

2 H2O  +  PbSO4

reactants physically separated
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Electrons in motion

Pb  +  SO4
2−

(aq) PbSO4 +  2 e−

PbO2 +  4 H+
(aq) +  SO4

2−
(aq) +  2 e−

2 H2O  +  PbSO4
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but there’s more

PbSO4 +  2 e− Pb  +  SO4
2−

(aq)

2 H2O  +  PbSO4

PbO2 +  4 H+
(aq) +  SO4

2−
(aq) +  2 e−
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The lead-acid battery

Pb  +  SO4
2−

(aq) PbSO4 +  2 e−

Pb0 Pb2+ +  2e− (oxidn)

PbO2 +  4 H+
(aq) +  SO4

2−
(aq) +  2 e−

2 H2O  +  PbSO4

Pb4+ +  2 e− Pb2+     (redn)

anode:

cathode:
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Lead-acid battery on discharge
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Lead-acid battery on discharge
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Lead-acid battery on discharge
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The nickel metal-hydride battery

cathode:
NiOOH(aq) +  2 H2O  +  e−

Ni(OH)2(aq) +  OH−
(aq)

anode:
MH  +  OH−

(aq) M  +  H2O +  e−

electrolyte:  30% KOH(aq) (alkaline)
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The nickel metal-hydride battery

cathode:
NiOOH(aq) +  2 H2O  +  e−

Ni(OH)2(aq) +  OH−
(aq)

Ni3+ +  e− Ni2+

anode:
MH  +  OH−

(aq) M  +  H2O +  e−

H  H+ +  e−
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The lithium ion battery

anode (-)

Liin carbon Li+ +  e-

cathode (+)

Li+ +  e- +  LixCoO2 Li1+xCoO2

Li+ +  e- +  Co4+ Li+ +  Co3+

electrolyte:  1 M LiPF6 in 
1:1 ethylene carbonate – propylene carbonate





The Periodic Table of the Elements



It’s a Dell!

It’s a Dell! safety first
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ask the unthinkable

Can we eliminate the flammable 
liquid that serves as the 
electrolyte in the Li-ion battery?

Without loss of performance?
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ask the unthinkable

Can we eliminate the flammable 
liquid that serves as the 
electrolyte in the Li-ion battery?

Without loss of performance?

How about a solid electrolyte?

100% solid-state battery!
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what’s the best we can expect today?

multilayer, flexible laminate

fully dense oxide cathode (0.5 µm)

solid polymer electrolyte (1.0 µm)

metallic lithium anode (0.37 µm)

400 Wh/kg (700 Wh/L) & 650 W/kg (1.1 kW/L)

thin-film battery

fully dense oxide cathode 
solid polymer electrolyte

metallic lithium anode
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Enormous market potential of rechargeables

application price point

communications $1,000 / kWh

automobile traction $100 - 200 / kWh

laptop computer $5,000 - $10,000 / kWh

severity of service conditions price
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The hydrogen fuel cell

cathode:
½ O2 +  2 H+ +  2 e− H2O

anode:
H2 2 H+ +  2 e−

electrolyte:
protonic (H+) conductor, 

i.e., proton exchange membrane (PEM)

both electrode reactions occur on substrates
made of platinum-group metals
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technical issues:
hydrogen on board? pure H2? LaNi5?
generation of hydrogen? 

water electrolysis? 
cracking of natural gas or even gasoline?

electrode stability: 
corrosion, contamination, mechanical 
disturbance, conversion efficiency

electrolyte stability: breakdown, impurities

The hydrogen fuel cell


