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2019 Nobel Prize in Chemistry
"for the development of lithium-ion batteries."
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1800 : Inventor of the battery, Alessandro Volta 
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“Baghdad” Batteries (~1000-2000 years ago).
Terracotta jars containing a copper cylinder separated from an iron rod 
by a non-conductive stopper, and filled with an electrolyte.
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Battery technologies - Alkaline
Electrodes : Zinc & Magnesiumdioxide

NOT rechargeable !

Prof. Mark Huijben, University of Twente



1970‘s : Oil crisis

More interest into new 
rechargeable batteries

Netherlands, a Sunday in 1973Prof. Mark Huijben, University of Twente



1967 Discovery of high ionic conductivity in Sodium Beta-Alumina

Intercalation
is the reversible insertion of an ion or a
molecule into a crystalline lattice without
any significant change of that lattice except
for a minor expansion or contraction.

11 Al2O3 – x Na2O (with x = 1.0 – 1.6)

Y. Y. Yao and J. T. Kummer, 
Ion exchange properties of and rates 
of ionic diffusion in beta-alumina, 
J. Inorganic Nuclear Chem. 29, 
2453–2466, 1967. Prof. Mark Huijben, University of Twente



NBS Special Publications 364, 139–154 (1972)

sodium lithium

Science 174, 493–497 (1971)
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1975 Discovery of lithium intercalation into TiS2

M. Stanley Whittingham
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intercalation

MRS bulletin 10, 363 (1975)
Prof. Mark Huijben, University of Twente



1977-79 First commercial lithium-ion battery

cathode anode

TiS2 Li metal

liquid electrolyte

LiClO4 salt

TiS2 cathode
• High capacity of 240 mAh/g
• High cycle durability

• Low voltage of 2V vs. Li/Li+
• Requiring a lithium source in anode
• Release of toxic H2S in contact with moisture

LiClO4 in liquid electrolyte
Low stability and shock sensitive

Li metal anode
Formation of dendrites during plating
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dendrite formation: shorts between electrodes
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1977-79 First commercial lithium-ion battery

cathode anode
TiS2 Li metal

liquid electrolyte

LiClO4 salt

TiS2 cathode
• High capacity of 240 mAh/g
• High cycle durability
• Low voltage of 2V vs. Li/Li+
• Requiring a lithium source in anode
• Release of toxic H2S in contact with moisture

LiClO4 in liquid electrolyte
Low stability and shock sensitive

Li metal anode
Formation of dendrites during plating

Low cyclability

Replaced by (CH3)4B

Replaced by LiAl metal

Prof. Mark Huijben, University of Twente



1977

Ferrimagnetic ceramics for random access memory (RAM)

Goodenough-Kanamori rules : to interpret magnetism in solids

Since 1976 : Professor at University of Oxford

Study oxide ceramics for electrochemistry

John B. Goodenough

Since 1952 : Research scientist
at MIT Lincoln Laboratory
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LiXCoO2

1980 Discovery of lithium intercalation into LiCoO2

MRS bulletin 15, 783 (1980)

CoO2

CoO2

CoO2

Li

Li

• High capacity of 272 mAh/g

• High cycle durability

• High voltage of 4V vs. Li/Li+

• No lithium source required in anode

• Sensitive to moisture

• Only 50% of capacity can be used
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1980-1983 Discovery of various high voltage cathode materials

Layered LiCoO2
2D

1980

Spinel LiMn2O4
3D

1983

MRS bulletin 18, 461 (1983)
M. M. Thackeray, W. I. F. David, P. G. Bruce, J. B. Goodenough,
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1986 Mandatory retirement in United Kingdom

University of Texas at Austin

A. K. Padhi, K. S. Nanjundaswami, J. B. Goodenough, 

J. Electrochem. Soc. 144, 1188–1194 (1997).
1997

Olivine LiFePO4
1D
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1974 Lithium intercalation into graphite as anode

J. O. Besenhard, H. P. Fritz, J. Electroanal. Chem. 53, 329 (1974).
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E. Peled, J. Electrochem. Soc. 126, 2047 (1979).

1979 SEI formation : solid-electrolyte interface

Graphite Liquid
electrolyte
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1985 Discovery of soft coke-carbon to substitute graphite

Akira Yoshino, Asahi Kasei Corporation

A. Yoshino, K. Sanechika, T. Nakajima, Japanese patent 1989293 (1985)
US Patent 4668595 A (1987)
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1991 Introduction of first commercial high voltage lithium-ion battery
4.1 V with 200 Wh/L

Petroleum - coke

4.2 V with 400 Wh/L
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Layered LiCoO2 and NMC as cathode material  
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Layered LiCoO2 and NMC as cathode material  
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Energy       Power        Safety           Life            Cost
LCO
lithium cobalt
LiCoO2

NCA
lithium nickel aluminum cobalt
LiNi0.8Co0.15Al0.05O2

LMO
lithium manganese
LiMn2O4

NMC
lithium nickel manganese cobalt
LiNixMnyCo1-x-yO2

LFP
lithium iron phosphate
LiFePO4
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Lithium-ion battery price
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Conventional battery Solid-state battery
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Rechargable Battery Market
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Battery technologies

Y. Kato, et al., Nature Energy 1, 16030 (2016)

Ideal battery
architecture
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Conventional battery Solid-state battery
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Grand challenge : Mastering control of the interfaces
Aim: Enhanced interfacial conductivities (ionic and electronic)
• Controlled interface formation (stable SEI, no dendrites, etc.)
• Control of lithium-ion flux for (dis)charge rates
• Better strain accommodation during lithium extraction/insertion
• New reactions not available in bulk materials.

Example: Interfaces in solid-state batteries
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Interface Engineering: strategies

N. Nitta, et al., Materials Today 18, 252 (2015)Prof. Mark Huijben, University of Twente



Lithium-ion thin film model systems

Studied materials:
Cathode: LiMn2O4, LiCoO2, 

LiNi1/3Mn1/3Co1/3O2

Electrolyte: Li1/2La1/2TiO3, Al:Li7La3Zr2O12

Anode: Li4Ti5O12, Nb18W16O93

Composites: LiMn2O4/Li1/2La1/2TiO3

Not through PLD: LiPON (FZ-Jülich, Tokyo)
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AFM, STM

UPS, XPS,
XPD

PLD

EVAP
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Phosphor screen
+ CCD camera

Heater with substrate

Target holder

Laserbeam

Electrongun

2-stage differentially pumped

to main turbo pump
Prof. Mark Huijben, University of Twente
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Batteries: working principle
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Compound Specific Average Energy Density
capacity potential (Wh kg-1)
(mAh g−1) (V vs. Li0/Li+)

LiCoO2 272 (140) 4.0 1088 (560)
LiNi1/3Mn1/3Co1/3O2 272 (200) 4.0 1088 (800)

LiMn2O4 148 (125) 4.1 607 (513)
LiMn1,5Ni1/2O4 148 (125) 4.7 696 (588)

LiFePO4 170 (160) 3.4 587 (552)
LiFe1/2Mn1/2PO4 170 (160) 3.4/4.1 638 (600)

High voltage cathode materials : dimensionality
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Problem: capacity fade on battery cycling

Mn ions dissolved into liquid electrolyte

LiMn2O4 cathode limitation
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pyramidal rooftop flat

LiMn2O4 thin films : controlled model systems
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LiMn2O4 thin films : lithium kinetics

Capacities for variable discharge rates (C-rate)
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Hendriks, R.; Cunha, D. M.; Singh, D. P.; Huijben, M., ACS Applied Energy Materials 2018, 1 (12), 7046-7051.Prof. Mark Huijben, University of Twente



LiMn2O4 thin films : cyclability
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LiMn2O4 cathodes: doubling capacities
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Theory : 288 mAh/g
Experiment : 320 mAh/g

LiMn2O4 cathodes: doubling capacities
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Conventional battery Solid-state battery
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Solid-state electrolytes

Jiang et al., Recent progress in solid-state electrolytes for alkali-ion batteries (2017)Prof. Mark Huijben, University of Twente



<111>

Thin film Solid State Battery

200 nm

LiMn2O4

(Li,La)TiO3

Li4Ti5O12

Lithium ions
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Knowledge partners
• 5 universities
• 5 universities of applied sciences
• TNO – Holst Centre
• TNO – ECN
• MEET Munster
• Forschungszentrum Julich

National Science Agenda (NWA) 



Twente Centre for Advanced Battery Technology

FFB centre with

Advanced Materials
& Electrochemistry

Battery Management System

Fire Safety

Power Electronics

Advanced 
Manufacturing

Battery value circle
www.utwente.nl/tcabt

http://www.utwente.nl/tcabt


Advanced materials for next-generation batteries 
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John B. Goodenough M. Stanley Whittingham Akira Yoshino

Professor
University of Texas
at Austin, USA

Professor
Meijo University, Nagoya
Asahi Kasei Corporation, 
Tokyo, Japan

Professor
Binghamton University,
State University of 
New York, USA

97 years 78 years 71 years

John B. Goodenough on October 9th 2019 :
“Don't retire too early !”
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MESA+
INSTITUTE FOR NANOTECHNOLOGY

Thank you
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