
Functional Inorganic Materials
Fall 2021

# Date Who Topic

1 Tue 02.11. Maarit Introduction + Materials design

2 Thu 04.11. Antti Computational materials design

3 Tue 09.11. Maarit Superconductivity: High-Tc superconducting Cu oxides

4 Thu 11.11. Maarit Ionic conductivity (Oxygen): SOFC and Oxygen storage

5 Tue 16.11. Maarit Ionic conductivity (Lithium & Proton): Li-ion battery

6 Thu 18.11. Antti Thermal conductivity

7 Tue 23.11. Antti Thermoelectricity

8 Thu 25.11. Maarit Hybrid materials

9 Tue 30.11. Maarit Luminescence and optically active materials

10 Thu 02.12. Antti Piezoelectricity

11 Tue 07.12. Antti Pyroelectricity and ferroelectricity

12 Thu 09.12. Antti Magnetic and multiferroic oxides

Tuesdays: 14.15 - 16.00
Thursdays: 12.15 - 14.00
Remote Zoom lectures



LECTURE 5: Ionic conductivity: Lithium & Proton

 Proton conductivity
 Water/proton absorption & Oxide/hydroxide substitution
 Lithium ion conductivity
 Li-ion battery: material issues
 Solid-state electrolytes & Thin-film microbattery



LECTURE EXERCISE 5
1. Which useful function could be anticipated for an oxygen-deficient oxide

material with a tendency to absorb water? Explain !

2. Explain why the best Li-ion battery electrode materials have layered crystal
structures.

3. What happens to (a) structure, (b) electrical conductivity, and (c) ) Li-ion
conductivity of Li3PO4 when nitrogen is introduced into it to form LiPON
(LixPOyNz) ? Why these are important changes ?



EFFECTIVE IONIC RADII
O2- 140 pm
OH- 137 pm
Li+ 60 pm
H+ very small

IONIC CONDUCTIVITY
 Other terminologies:

Fast ion conductor, Superionic conductor, Solid electrolyte, Solid state ionics
 Highly mobile ions move/hop through an otherwise rigid crystal structure
 Measurement of ionic conductivity: electrochemical impedance spectroscopy (EIS)
 APPLICATIONS:

batteries, fuel cells, supercapacitors, chemical sensors, separation membranes, …



AFC Alkaline fuel cell
PEMFC Proton exchange membrane
DMFC Methol direct oxidize fuel cell
PAFC Phosphate fuel cell
MCFC Molten carbonate fuel cell
SOFC Solid-oxide fuel cell

Conventional
PROTON-CONDUCTING
MATERIALS



PROTON CONDUCTORS
• PROTON CONDUCTOR: (solid) electrolyte in which

movable hydrogen ions are the primary charge carriers

• APPLICATIONS:
- hydrogen separation
- sensors
- fuel cells: PEM, SOFC (intermediate temperature range of 200-500 oC)

• MATERIALS:
- water/ice
- polymers (e.g. nafion)
- oxidic materials (oxides, phosphates, sulphates, etc.)

• PROTON-CONDUCTING OXIDES:
- First proton-conducting perovskites (1980, Iwahara et al.): LaYO3, SrZrO3

- Present perovskite prototypes: SrCeO3, BaCeO3

- Some Ruddlesden-Popper phases
- Some pyrochlores: R2(Zr,Y)2O7, R2(Ti,In,Mg)2O7



Ba2In2O5 (BaInO2.5)

• Oxide ion conductor
• Brownmillerite structure

derived from the perovskite structure
(oxygen vacancies ordered into layers)

• At 800 oC oxygen vacancies disorder
and the oxide ion conductivity jumps
from 10-3 S/cm to 10-1 S/cm

• Interesting for PROTON conductivity:
Ba2(In,Zr)2O5+δ absorbs water to fill
oxygen vacancies and becomes a good
proton conductor O2- O2- O2- O2-

H+

O2- OH- O2- O2-

O2- O2- O2- O2-



WATER/PROTON ABSORPTION OF OXIDES

• Affinity of oxide ion O2− for H+ is great → in water solutions it
immediately captures a proton from the H2O solvent molecule

• Also in solid state O2− ions tend to combine with protons
• Proton is very small → when it combines with oxygen the resultant

OH- group is almost identical in size with an O2- ion → the most
visible change is seen in the charge balance

• Many natural oxide minerals contain OH- groups, e.g. pyrochlores
• Many (nonstoichiometric/highly-oxidized) metal oxides readily

absorb water/protons → potential proton conductors



Ruddlesden-Popper An+1BnO1+3n
- Enough space for interstitial oxygen, water intercalation, excess protons,
organic molecules, etc.

O2-, H2O, H+



Lehtimäki, Hirasa, Matvejeff,
Yamauchi & Karppinen,

J. Solid State Chem. 180, 3247 (2007).

Matvejeff, Lehtimäki, Hirasa,
Huang, Yamauchi & Karppinen,
Chem. Mater. 17, 2775 (2005).

Water-derivatives
of Srn+1FenO3n+1

H+57Fe Mössbauer



T. Hosomi, H. Suematsu, H.Fjellvåg, M.Karppinen & H.Yamauchi, J. Mater. Chem. 9, 1141 (1999)

High-Pressure
Synthesis

Humid Air 2.85 Å

“Water-Derivative”

Ba2Ca2Cu3O8

Tc  126 K

Tc = 80 90 K



Li-ION BATTERY
 Li is lightest and smallest of all metals
 Li has largest electrochemical potential
 Light-weight, high voltage, large energy

density battery
 No ”memory effect”, small self discharge
 Cell phones, laptops, wearable electronics,

electric cars and vehicles, energy storage
related to solar cells and wind power, etc.

”WET CELL”
 Anode & Cathode:

electric and ionic cond.
 Liquid electrolyte:

ionic conductivity
 Separator & additives

Sony 1991
First commercial Li-ion battery

https://commons.wikimedia.org/wiki/File:Mobile_phone_evolution.jpg


Chemistry Nobel 2019

Stanley Whittingham (UK):
- Exxon: TiS2 cathode 1976
John Goodenough (US):
- Univ. Oxford: LiCoO2 cathode 1980
Akira Yoshino (Jpn):
- Asahi Kasei: carbon-based anode 1985

Commercialization: Sony 1991

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwir8s2z0LflAhUJtIsKHYQABU8QjRx6BAgBEAQ&url=https%3A%2F%2Fspectrum.ieee.org%2Fconsumer-electronics%2Fportable-devices%2Fion-the-prize-the-2019-nobel-prize-in-chemistry&psig=AOvVaw088jMG6j4fVMjbdJFJu4vT&ust=1572100319072940


Stanley Whittingham (born 1941 UK)
 PhD 1968 (Oxford University, Chemistry)
 Postdoc 1968-1972 (Stanford University)
 Exxon 1972-1984: - new superconductors → TaS2

- TiS2 cathode 1976 (Li anode & LiPF6 electrolyte)

 Prof. 1988 – now (Binghamton University, New York)
 Scopus (337 publ; 21 000 citations)

Short-circuit

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiSn7KhrcnlAhVJjp4KHe14BtkQjRx6BAgBEAQ&url=https%3A%2F%2Fwww.pressconnects.com%2Fstory%2Fnews%2Flocal%2F2019%2F10%2F16%2Fnobel-prize-2019-how-award-can-raise-binghamton-universitys-profile%2F3974371002%2F&psig=AOvVaw36Oxtg4R6hs1CZbcT_14YE&ust=1572709407901764


John B. Goodenough (born 1922 Germany/USA)
 BSc 1943 (Yale University, Mathematics)
 PhD 1952 (University of Chicago, Physics)
 Research team leader 1952-1976 (MIT Lincoln Laboratory)

- Goodenough–Kanamori rules (magnetism)
- random access memory (computers)

 Prof/Head 1976-1986 (Univ. Oxford, Inorganic Chemistry)
- LixCoO2 cathode 1980 (LiMn2O4 cathode 1986)

 Prof. 1986 – now (University of Texas at Austin)
- LiFePO4 1996

 e.g. Japan Prize 2001, Enrico Fermi Award 2009, National Medal of Science
2011, Draper Prize 2014, Welch Award 2017, Copley Medal 2019

 Scopus (887 publ.; 85 000 citations)

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiY6eDV087lAhVQXRoKHSJrD2UQjRx6BAgBEAQ&url=https%3A%2F%2Fwww.chem-station.com%2Fchemist-db%2Farchives%2F2009%2F09%2F-john-b-goodenough.php&psig=AOvVaw02aHQ4N68cIWhT5uR_1C-O&ust=1572891114674256


Akira Yoshino (born 1948 Japan)
 MSc 1972 (Kyoto University)
 Asahi Kasei Co. 1972 - now:

- Carbon-based anode 1985 (with LiCoO2 cathode)
- Safety  tests !

 Commercialization: Sony 1991
 PhD 2005 (Osaka University)
 Prof. 2017 – now (Meijo University, Nagoya)
 Scopus (17 publ; 750 citations)

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=&url=https%3A%2F%2Ffi.wikipedia.org%2Fwiki%2FAkira_Yoshino&psig=AOvVaw02aHQ4N68cIWhT5uR_1C-O&ust=1572891114674256


ACTIVE MATERIALS & REACTIONS in Li-ion Battery
 Rechargable (= secondary) battery: charged hundreds/thousands times
 No extensive chemical reactions (which would quickly destroy the battery)

 Reversible intercalation of Li+ ions within anode & cathode materials
 Graphite anode & LiCoO2 cathode: layered crystal structures
 Upon charging: LiCoO2 → LixCoO2 (how far reaction can occur ?)
 Unwanted reaction between graphite and liquid electrolyte

→ SEI (Solid-Electrolyte Interphase)



PRESENT Li-ion battery MATERIAL VARIETY
(under intense research)

CATHODE LiCoO2
Li(Co,Ni,Mn)O2 (raw mat., perfor.), LiMn2O4, LiFePO4 (safety)

ANODE Graphite
Silicon (energy density), Li4Ti5O12 (safety)

ELECTRO- LiPF6 + ethylene carbonate solution
LYTE Solid electrolytes (safety)

LiCoO2 Graphite

Liquid electrolyte SEI
Solid-Electrolyte-

Interphase



SOME MATERIAL ISSUES (to be solved/understood)
 Current state-of-the-art Li-ion battery was developed already 40 years ago

and was commercialized 30 years ago
 Materials/performance already mostly finetuned/optimized, without major

changes compared to the original material components (despite the
unprecedented research & development investments world-wide)

 CRITICAL RAW MATERIALS for Li and Co (NOT to forget graphite !)
 SAFETY: charged hundreds/thousands times
 No extensive chemical reactions (which would quickly destroy the battery)
 Reversible intercalation of Li+ ions within anode & cathode materials
 Graphite anode & LiCoO2 cathode: layered crystal structures
 Upon charging: LiCoO2 → LixCoO2 (how far reaction can occur ?)
 Unwanted reaction between graphite and liquid electrolyte → SEI layer
 Possible future directions: Co → Ni (Mn, Al); Li → Na, Mg, Al; Liquid 

electrolyte → Solid electrolyte; Protecting/barrier layers; Li-S; Li-air; Organic
materials; Structural battery, …

 Current recycling level: Lithium ca. 1 %, Cobalt some tens of %



ELECTRIC CAR
BATTERY SYSTEM
10 000 times larger

energy capacity
compared to cell phone

Car battery 600 kg
• 8 kg Li
• 7 kg Co
• 50 kg Ni

Nikkei Electronics Asia

Cell phone 130 g
• 3 g Li
• 7 g Co
• 3 g Ni

https://www.shutterstock.com/fi/image-illustration/3d-illustration-lithium-ion-vehicle-battery-388933210


One vehicle out of three
electric car by 2030 ?

Lithium & cobalt needed tens if not hundreds time more
to fulfill the European carbon neutrality targets



Cobolt mining place in Congo close
to Kasulo. Valokuvat: Siddharth Kara

More than 60 % of cobalt
in the world is mined
in Republic of Congo
(mostly in Chinese ownership)

https://www.theguardian.com/global-development/2018/oct/12/phone-misery-children-congo-cobalt-mines-drc


EU: Critical Raw Materials
 2011: 14 CRMs
 2014: 20 CRMs
 2017: 27 CRMs
 2020: 30 CRMs

EU Critical Raw Materials (CRM)

Economic Importance
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Countries accounting for largest share of EU supply of CRMsFROM WHERE the EU CRM materials originate ?



ENERGY CRITICAL ELEMENTS

Materials Research Society (MRS), USA



Battery metals in Finland
 Finland is the only European

country to have activities related
to all battery metals

 Mining: Ni, Cu & Co

 Refining: Co (>10%), Ni & Cu

 Planned mining/refining: Li

Battery Chain is already strong
in Finland; however, no battery
manufacturing (yet).
Cathode material manufacturing is
expected in Kotka, precursor
manufacturing in Hamina, and in
Harjavalta BASF is planning to start
the biggest battery material
production in European scale.

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.maaseuduntulevaisuus.fi%2Ftalous%2Fartikkeli-1.1397636&psig=AOvVaw2o_KspDjhNLG5LxB6hQqqv&ust=1634654876505000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCMj5wY6a1PMCFQAAAAAdAAAAABA0


https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwi5iILI-N7QAhWJiywKHU85DGIQjRwIBw&url=http%3A%2F%2Frsta.royalsocietypublishing.org%2Fcontent%2F368%2F1923%2F3227&psig=AFQjCNFtY37kQ-EosO3iW9NWrns62Sjsfg&ust=1481091893367102&cad=rjt


Liquid
electolyte
stability
range

Li4Ti5O12

http://pubs.rsc.org/is/content/articlehtml/2009/ee/b904116h


SOLID ELECTROLYTES

http://www.hitachi-chem.co.jp/english/information/2018/n_180222t0q.html
http://www.hitachizosen.co.jp/english/technology/hitz-tech/precision08.html
https://www.androidauthority.com/lithium-ion-vs-solid-state-battery-726142/


SOLID ELECTROLYTE
 To address the two major problems of present liquid organic electrolytes:

flammability and limited electrochemical stability (reactivity with anode materials)
 High ionic conductivity & Low electronic conductivity
 Challenge: Li+-ion conductivity comparable to present liquid electrolytes (10-3 S/cm)

PROS
 Non-flammable → Safety
 Non-reactive with electrode materials (no SEI layers)
 Possibility to use Li metal anode
 Possibility to use >5 V cathode materials → Higher energy density
 Wider operation temperature range
 Simpler cell structure, no need e.g. for an expensive separator
 No risk for electrolyte leakage
 Simpler manufacturing process (in air) → Lower cost

CONS
 Heavier
 Integration (interface contacts) with the electrodes

Design principles for solid-state lithium superionic conductors, Nat. Mater. 14, 1026 (2015).



http://journal.frontiersin.org/article/10.3389/fenrg.2015.00005/full


https://wol-prod-cdn.literatumonline.com/cms/attachment/e46cae5f-8b17-429a-b4ba-06f7be31dbac/aenm201702657-fig-0018-m.jpg


https://www.frontiersin.org/articles/10.3389/fenrg.2016.00025/full


http://iopscience.iop.org/article/10.1088/1674-1056/25/1/018210


ALD
Atomic Layer Deposition

http://electroiq.com/wp-content/uploads/2014/05/Batteries-3.png


Atomic Layer Deposition (ALD)
- Advanced gas-phase thin-film technology
- Self-limiting surface reactions
- Pin-hole free
- Large-area homogeneous
- Conformal

Electroluminescent display

MOSFET transistor



ALD publications annually

ALD research at Aalto Univ. CHEM

Tuomo Suntola:
Patent filed 1974

ALD-HfO2
by Intel for
transistors

Early experiments in
Russia since 1960s

Millenium
2018 Prize
for Suntola

Electroluminecence
display board
at Helsinki Airport

ALD-HfO2 process
by Ritala & Leskelä



Diethyl phosphoramidate

+

 LiPON: Lithium phosphorus oxynitride LixPO3-yNz

 Amorhous intermediate between crystalline LiPO3 and Li2PO2N
 (Most) promising solid-state electrolyte for thin-film Li-ion microbattery
 Ionic conductivity greatly enhanced by N doping (up to 10-6 S cm-1)

M. Nisula, Y. Shindo, H. Koga & M. Karppinen,
Chem. Mater. 27, 6987 (2015).

RBS-NRA RT ionic cond.
290 oC Li0.90PO3-yN0.55 0.9 x 10-7 S cm-1

330 oC Li0.94PO3-yN0.60 6.6 x 10-7 S cm-1



A!

ORGAANISET
OHUTKALVOT

ALD (Atomic Layer Deposition) MLD (Molecular Layer Deposition)

EPÄORGAANISET
OHUTKALVOT

MLD: younger sister of ALD

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjt0uyJlYvmAhUQ0qYKHQcXDu8QjRx6BAgBEAQ&url=https%3A%2F%2Fen.m.wikipedia.org%2Fwiki%2FAalto_University_School_of_Chemical_Engineering&psig=AOvVaw3kBHbNz1dDXXdcnlb9lUt5&ust=1574970445164380


A! Inorganic-Organic thin films

with combined ALD / MLD technique

Superhila

ALD + MLD → HYBRID THIN FILMS

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjt0uyJlYvmAhUQ0qYKHQcXDu8QjRx6BAgBEAQ&url=https%3A%2F%2Fen.m.wikipedia.org%2Fwiki%2FAalto_University_School_of_Chemical_Engineering&psig=AOvVaw3kBHbNz1dDXXdcnlb9lUt5&ust=1574970445164380


SEI (Solid Electrolyte Interphase)
 SEI-layer forms naturally/unavoidably upon charging/discharging on top of the

anode surface due to the unwanted reactions between anode and liquid electrolyte
 SEI protects the anode from further reactions (requirement: homogeneous and

pinhole-free), but it consumes Li-ions when it forms
 ALD/MLD: high-quality artificial barrier coating which esembles the natural SEI layer

ALD + MLD: Artificial SEI-layer for Li-ion battery

Lithium
ethylene

carbonate
thin film

LiPF6 +
Ethylene
carbonate
electrolyte
solution



Li-benzoquinone
ELECTROLYTE:
ALD - LiPON

ANODE:
Li-terephthalate

ALD/MLD-made Li-organic microbattery is flexible and cobalt-free. It is ultrafast to
charge, but the problem is the low energy capacity. Whole battery structure can
be deposited active-layer by active-layer in a same reactor, without additives.

CATHODE:

ALD + MLD: Metal-saving Li-organic microbattery
Flexible thin film microbattery



Prof. Maarit Karppinen
Material chemistry

Prof. Tanja Kallio
Electrochemistry

Prof. Mari Lundström
Hydrometallurgy RESEARCH

COLLA-
BORATION

Aalto CHEM School Battery Research Groups
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FLOW BATTERY

HYDROGEN FUEL CELL

LITHIUM-ION BATTERY

WIND POWER

THERMOELECTRICS
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SOLAR CELL
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