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Energy
› how much potential a physical system has to change. In physics, 

energy is a property of matter and space, objects and fields. 
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Conservation of Energy
› Energy can be transferred between objects and can also be 

converted in form. It cannot, however, be created or destroyed 
(conservation of energy).

Electricity  light

Fuel  movement

Movement 
electricity light
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Energy Required

Sources: US Energy Information Administration. International Energy Outlook.

• 28% increase in energy from 2015 to 2040
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https://www.youtube.com/watch?v=xWpTGbZhZfQ
Robert Rhode

Climate Change

https://www.youtube.com/watch?v=xWpTGbZhZfQ
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~4-5°C

Source: IPCC, AR5, 2014 & Bob van der Zwaan (TNO-ECN/UvA)

CO2 Temperature Scenarios
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Sustainable Energy

For example Sun:

Sun: 9000x the required energy
 Intermittent availability  STORE
Not all energy is easy “to catch””
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BATTERIES



11|03-10-2018

Most stable 
configuration: filled 

outer shell
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Electrochemical/Galvanic Cell Cu-Zn

Reduction Oxidation

LEO the GERman
Redox reactions
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Battery
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Lead Acid Battery

• Low volumetric and gravimetric capacity
• Sulfuric acid, lead….
• But, high surge current and large power-to-weight ratio
• Low cost
 Car battery

Planté, G., Comptes Rendus Acad. Sci. 1860; 
Planté, G. The Storage of Electrical Energy: And 
Researches in the Effects Created by Currents 
Combining Quantity with High Tension; London: 
Whittaker, 1887.
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NiFe Battery (Edison)

• Cheap
• Low efficiency of charge
• H2 gas formation in side-

reaction

2 NiO(OH) + 2 H2O + 2 e− ↔ 2 Ni(OH)2 + 2 OH−

Fe + 2 OH− ↔ Fe(OH)2 + 2 e−

Jungner, E. W. Sätt. Swedish patent no. 15567, 1901.
Jungner, E. W. Swedish patent no. 10177, 1899.
Edison, T. A. Reversible Galvanic Battery. US patent no. 692,507, 1902.
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Periodic Table and Lithium

• Lightest metal with density 0.53 g/cm3

• Low standard reduction potential Li+/Li = -3.05 V vs SHE
 High density, high voltage battery

Very reactive with 
oxygen, air and water!
 Water and oxygen free 
system and solvent
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Li ion Battery
› Lithium anode  cathode should be able to incorporate Li+ ions

(1) large, constant intercalation free energy change 
(2) accommodate the guest ion with minimal structural
(3) high diffusivity of the alkali ion within the structure 
(4) allow the intercalation reaction to proceed reversibly
(5) display good electronic conductivity 
(6) be insoluble in the electrolyte, no co-intercalation of 

electrolyte components
(7) operate under close to ambient conditions. 
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Whittingham (~1976)

LixTiS2 (0 ≤ x≤1)

Whittingham, M. S. J. Chem. Soc., Chem. Commun. 1974, 
328–329; Whittingham, M. S. Belgian patent no. 819672, 1975; 
Whittingham, M. S. Science 1976, 192 (4244), 1126–1127.
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Goodenough (~1980)

Oxygen small electronegative element: cation uptake large negative free energy change and high cell voltage:
4-5 V
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Lithium Anode

• Whiskers and/or dendrites
short-circuit

• ‘Dead’ lithium – no longer 
available for EC

Chemical Society reviews 2018, DOI:10.1039/c7cs00180k

https://doi.org/10.1039/c7cs00180k
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Yoshino (~1985)

Anode material: Intercalation Li not easy, (carboneceous) material not stable  Petroleum coke stable; 
mixture of crystalline and non-crystalline coke
4.2 V; 400 Wh/l
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Cathode Development

Padhi, A. K.; Nanjundaswami, K. S.; Goodenough, J. B. J. Electrochem. 
Soc. 1997, 144, 1188–119; Thackeray, M. M.; David, W. I. F.; Bruce, P. 
G.; Goodenough, J. B. Mater. Res. Bull. 1983, 18, 461–472.

Oxide of choice:

NMC – Ni, Mn, Co oxide
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Anode 
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LCO / Graphite Battery
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Battery Build-up
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WHAT IS NEXT?
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https://www.youtube.com/watch?v=SMy2_qNO2Y0
start and after 1.50 minutes

Safety

• Li dendrites/Whiskers
• Electrolyte stability

https://www.youtube.com/watch?v=SMy2_qNO2Y0
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Electrolytes
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Stability Li Ion Batteries

BMW 
Varta

VW

Dissolution metal ions?
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Penlite (AA)
Energy = 5Wh = 18 kJ

4 batteries
21 Wh = 76 kJ

100 km 
3200 AA batteries
16 kWh = 57600 kJ 
1 l / 56 km!

Huishouden (4 personen)  
8 miljoen batteries per day
55 biljoen (1012) Joules per year

60 biljoen (1012) batteries
1075 peta (1015) Joules per year

55 batteries
2000 – 2500 kcal 
1000 kJ 
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20 kWh = 72*106 J5Wh = 18 kJ 100 kWh = 360*106 J

Store large amounts of energy
Weight or volume important?

Volumetric and Gravimetric Capacity
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Capacity – Electric Cars
› Projected mectrics for current Lithium Ion Battery and BEV Technology:

o 200 Wh/kgbattery
[1]

o 95% discharge efficiency
o 80% state-of-charge range
o 250 €/kWhbattery (2030 estimate)[2]

o 100 Wh/km (4-passenger car)

150 km 
range

500 km 
range

Required 
energy

20 kWhbattery 66kWhbattery

Battery 
weight

100 kg 330 kg

Battery cost 5000 € 16500 €

 Current technology only feasible for short-range BEVs
→ Range anxiety may limit market-penetration

1. F. T. Wagner, B. Laksmanan, M. F. Mathias; J. Phys. Chem. Lett. (2010) 1, 2204
2. Transition to Alternative Transportation Technologies – PHEV, National Research Council (2010) 

 Additional issues like safety, deactivation, etc.
 Similar problems stationary storage
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Capacity Compared

Liquid  solid electrolytes
Lithium ions  Lithium metal
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Battery Processes



38|03-10-2018

1896
Rontgen Nobel Prize 1901

Museum Boerhave, 2015
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Stability Li Ion Batteries

BMW 
Varta

VW

Dissolution metal ions?



40|03-10-2018

J. Mater. Chem. A 2016,4, 18300.

• Dissolution of TM (and accumulation on graphite anode)  no longer available for EC
• Compare ‚dead‘ Li

Li-ion Deactivation: Metal Dissolution
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LiS battery
› Dissolution S8

› Migration of sulfur through cell 
› Formation of polysulfides Sx

2-

Challenges: Self-Discharge

JES 2018 165(7) A1288; J. Phys. Chem. C 2018. 122 (10), 5303
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LiS Battery: Discharge

› Fred<<0: Li2S (blue)
› Fred>>0: S8 (red)
› Fred~0: Sx

2- (white)

JES 2018 165(7) A1288; J. Phys. Chem. C 2018. 122 (10), 5303
Formation inaccessible Li2S at counterelectrode
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LiS Cycling

• Lithiated nafion membrane

› Fred<<0: Li2S (blue)
› Fred>>0: S8 (red)
› Fred~0: Sx

2- (white)

JES 2018 165(7) A1288; J. Phys. Chem. C 2018. 122 (10), 5303
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Rare Element Availability

Lithium, Cobalt and graphite

Lithium availability? Lithium 
extraction from brine and 
minerals

Cobalt is mined in the 
Democratic Republic of Congo 
(slave and child labor) and 
political situation is unstable

OTHER BATTERY 
CHEMISTRIES?

https://www.theguardian.com/environment/2017/jul/29/electric-cars-battery-manufacturing-cobalt-mining
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Recycling E-waste

Not easy
Safety aspects
Energy and costs associated
Lots to be done!
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Projected Demands and Costs

InnoEnergy
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Projections Mobility

TIAM-ECN calculation of the 
distance travelled in 2050 by 
type of energy carrier for 
passenger cars in Europe under 
stringent climate policy and 
100$/bl oil prices with varying 
assumptions for the cost of 
batteries.

Sust. En. Tech. Ass., 2014, 5, 106
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Future
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Energy Storage



50|03-10-2018


	Batteries 
	Slide Number 2
	Energy
	Conservation of Energy
	Energy Required
	Climate Change
	CO2 Temperature Scenarios
	Slide Number 8
	Sustainable Energy
	batteries
	Slide Number 11
	Electrochemical/Galvanic Cell Cu-Zn
	Battery
	Lead Acid Battery
	NiFe Battery (Edison)
	Slide Number 16
	Periodic Table and Lithium
	Li ion Battery
	Whittingham (~1976)
	Goodenough (~1980)
	Lithium Anode
	Yoshino (~1985)
	Cathode Development
	Anode 
	LCO / Graphite Battery
	Battery Build-up
	What is next?
	Safety
	Electrolytes
	Stability Li Ion Batteries
	Slide Number 31
	Volumetric and Gravimetric Capacity
	Capacity – Electric Cars
	Capacity Compared
	Battery Processes
	Slide Number 38
	Stability Li Ion Batteries
	Li-ion Deactivation: Metal Dissolution
	Challenges: Self-Discharge
	LiS Battery: Discharge
	LiS Cycling
	Rare Element Availability
	Recycling E-waste
	Projected Demands and Costs
	Projections Mobility
	Future
	Energy Storage
	Slide Number 50

