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Functional Inorganic Materials  Tuesdays: 12.15 - 14.00 (U8)

Date

Mon 5.9.
Thu 8.9.
Tue 13.9.
Thu 15.9.
Tue 20.9.
Thu 22.9.
Tue 27.9.
Thu 29.9.
Tue 4.10.
Thu 6.10.
Tue 11.10.
Thu 13.10.

Fall 2022 Thursdays: 10.15 - 12.00 (Kel)
Who Topic
Maarit Introduction + Materials design consepts
Antti Introduction + Computational materials design
Maarit Superconductivity: High-T, superconducting Cu oxides
Maarit Magnetic (oxide) materials
Maarit lonic conductivity (Oxygen): SOFC & Oxygen storage
Maarit lonic conductivity (Lithium & Proton): Li-ion battery
Antti Thermal conductivity
Antti Thermoelectricity
Antti Piezoelectricity
Antti Pyroelectricity and ferroelectricity
Maarit Hybrid materials
Antti Luminescent and optically active materials



LECTURE 6: lonic conductivity: Lithium & proton
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Proton conductivity

Water/proton absorption & Oxide/hydroxide substitution
Lithium ion conductivity

Li-ion battery: material issues

Solid-state electrolytes & Thin-film microbattery
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LECTURE EXERCISE 6

1.

Which useful function could be anticipated for an oxygen-deficient oxide
material with a tendency to absorb water? Explain!

Explain why a layered crystal structure is beneficial for the Li-ion battery
electrode material.

What happens to (a) structure, (b) electrical conductivity, and (c) ) Li-ion
conductivity of Li;PO, when nitrogen is introduced into it to form LiPON

(Li,PO/N,) ? Why these are important changes ? What advantages you see in

using ALD for the fabrication of LIPON electrolyte films ?




IONIC CONDUCTIVITY

= QOther 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, ...

. EFFECTIVE IONIC RADII
02 140 pm
OH- 137 pm
Li* 60 pm
H* very small

mobile vacancy mobile interstitial
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Anode Electrolyte Cathode Alkaline fuel cell
Proton exchange membrane

Methol direct oxidize fuel cell

Phosphate fuel cell
Molten carbonate fuel cell
Solid-oxide fuel cell




PROTON CONDUCTORS

« PROTON CONDUCTOR: mobile protons are the primary charge carriers

e APPLICATIONS
- hydrogen separation

- sensors

- fuel cells: PEM, SOFC (intermediate temperature range of 200-500 °C)
« MATERIALS }|I I|{ I|JI

- water/ice T \%,O/HJO\%;..O/H;} e

- polymers (e.g. nafion) Il{ II{

- oxidic materials (oxides, phosphates, sulphates, etc.)

« PROTON-CONDUCTING OXIDES
- First proton-conducting perovskites (1980, Iwahara et al.): LaYO,3, SrZrO,
- Present perovskite prototypes: SrCeO3, BaCeO,
- Some Ruddlesden-Popper phases
- Some pyrochlores: R,(Zr,Y),0-, R,(Ti,In,Mg),0-



Ba,In,O: (BalnO,:)

e Oxideion conductor Tetrahedral
erTranedra

« Brownmillerite structure Layer
derived from the perovskite structure

(oxygen vacancies ordered into layers)

¢ &
B
<

« Above 800 °C oxygen vacancies disorder
and the oxide ion conductivity jumps
from 1023 S/cm to 101 S/cm

e Interesting for PROTON conductivity:
Ba,(In,Zr),05,5 absorbs water to fill
oxygen vacancies and becomes a good
proton conductor o= o= 0= O~

Op

Octahedral
Layer

0% OH- 0% 0%

0% 0% 0% 0%



WATER/PROTON ABSORPTION OF OXIDES

= Affinity of oxide ion O?%" for H* is great — in water solutions it
Immediately captures a proton from the H,O solvent molecule

Also in solid state O~ 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 O% 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 A, 1B 01,3,

- Enough space for interstitial oxygen, water intercalation, excess protons,

organic molecules,

etc.

g; A-site cation

@ B-site cation
@ Anion

0%, H,0, H*
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T.Hosomi, H. Suematsu, H.Fjellvag, M.Karppinen & H. Yamauchi, J. Mater. Chem. 9, 1141 (1999)



Li-ION BATTERY

= Lithium: lightest, smallest and largest
electrochemical

= Li-ion battery: Light-weight, high-voltage,
and large-energy-density
= Cell phones, laptops, wearable electronics,

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

Sony 1991 __—--

First commercial Li-ion battery

Cathode Separalor Anode

"WET CELL"

< Anode & Cathode: (— — ®
electric & ionic cond. -9 ”Hu :

o !_iq_uid electrolyte: | S ¥ *Q* *chamﬂ °
lonic cond. & elec. insul. D — o

% Separator & additives A *.L;m: (%)



https://commons.wikimedia.org/wiki/File:Mobile_phone_evolution.jpg
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Chemistry Nobel 2019

‘k\\

Stanley Whittingham (UK):

Exxon: TiS, cathode 1976

John Goodenough (US):

Univ. Oxford: LiCoO, 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

LITHIUM ION

®

ELECTRON

TITANIUM DISULPHIDE
CATHODE

ELECTROLYTE

ANODE BARRIER
METALLIC

LITHIUM

WHISKERS

Stanley Whittingham (born 1941 UK) ~ MEALLic Short-circult

LITHIUM
= PhD 1968 (Oxford University, Chemistry)
Postdoc 1968-1972 (Stanford University)

Exxon 1972-1984: - new superconductors — TaS,
- TiS, cathode 1976 (Li anode & LiPF4 electrolyte)

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


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

LITHIUM ION

C)

ELECTRON

COBALT OXIDE

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)
- Li,Co0O, cathode 1980 (LiMn,0O, cathode 1986)

= Prof. 1986 — now (University of Texas at Austin)
- LiFePO, 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)
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Akira Yoshino (born 1948 Japan)

MSc 1972 (Kyoto University)

Asahi Kasei Co. 1972 - now:
- Carbon-based anode 1985 (with LiCoO, cathode)
- Safety tests !

Commercialization: Sony 1991

PhD 2005 (Osaka University)

Prof. 2017 — now (Meijo University, Nagoya)
Scopus (17 publ; 750 citations)
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Li-ion Battery REACTIONS

Rechargable battery: charged
(reactions repeated!) thousands
times

Reversible intercalation
of Li*t ions within anode &

cathode materials (= relatively
"mild” chemical reactions only!)

Graphite & LiCoO,:

layered crystal structures
Upon charging:

LICoO, — Li,Co0O,

(how far reaction can proceed ?)

(Unwanted) reaction between
graphite and liquid electrolyte
— SEI (Solid-Electrolyte Interphase)

é-
Anode

< —

Li,C,

e, g )
) — )
\

* _* Discharge

Load

Li7

Cathode
>$2~ Charge 1 —

‘e-

Electrolvte , .
L

1.xC00,

EC: ethylene
carbonate

DEC: dimethyl
carbonate

Cell: (-) C | LiPF~(EC+DEC) | LiCoO, (+)
Cathode: LiCoO, == Li, ,CoO,+xLi" +xe’
Anode: 6C +xL1™ +xe- %’ L1 Cs

Total: LiCoO, + 6C === Li, CoO, + Li,C;



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

CATHODE LiCoO,
Li(Co,Ni,Mn)0O, (raw mat., perfor.), LIMNn,O,, LiIFePO, (safety)

ANODE Graphite
Silicon (energy density), Li,TicO,, (safety)

ELECTRO- LiPF; + ethylene carbonate solution

LYTE Solid electrolytes (safety)
Liquid electrolyte | SEI
—~ Solid-Electrolyte-
v Interphase

Graphite




ot ~len ELECTRIC CAR
LITH BATTERY SYSTEM

Ve LON 10 000 times larger
energy capacity
compared to cell phone

s

Car battery 600 kg

« 8Kkg LI
« 7kg Co
e 50 kg Ni

Notebook PCs

L ] ?ﬁmlfh (8.8 balle;ieij
e RO Cell phone 130 g

e 3¢glLi
Moabile phnnes.. | 3Wh (0.4 batteries) e 7gCo

Nikkei Electronics Asia | ' 3 g Ni


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

EU Critical Raw Materials (CRM)

Supp_ly_ Risk

EU: Critical Raw Materials

= 2011: 14 CRMs
= 2014: 20 CRMs
= 2017: 27 CRMs
= 2020: 30 CRMs

Natural Graphite ©

Helium

LREEs O
O HREEs
O
Antimony O o
Phosphorus Magnesium
O
Bismuth
Borate
O Niobium
@)
Scandium
Indium © 0
Beryllium © PGMs
Geérmanium ©
Vanadium 0O o
Barite O .
0]0) Hafnium Cobalt Tungsten
Gallium © O
Fluorspar Phosphate Rock
" OO o0
Silicon Metal Tantalum Rubber

Economic Importance
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2020 Critical Raw Materials (new as compared to 2017 in bold)

Antimony Hafnium Phosphorus
Baryte Heavy Rare Earth Elements Scandium
Beryllium Light Rare Earth Elements Silicon metal
Bismuth Indium Tantalum
Borate Magnesium Tungsten
Cobalt Natural Graphite Vanadium
Coking Coal Natural Rubber Bauxite
Fluorspar Niobium

Gallium Platinum Group Metals Titanium
Germanium Phosphate rock Strontium



FROM WHERE the EU CRM materials originate ?

Norway

Germany .
Gallium35% | ./
France
Hafnium 84%
Indium 28% '

United States
Beryllium* 88%

Spain
Strontium 100% '

Morocco
Phosphate rock 24% Turkey
Antimony 62%

Borates 98%

Guinea

Mexico Bauxite 64%

Fluorspar 25%

DRC
Cobalt 68%
Tantalum 36%

South Africa
Iridium™ 92%
Platinum* 71%

Rhodium* 80%
Ruthenium* 93%

Brazil
Niobium 85%

Chile
Lithium 78%

f

Finland
Silicon metal 30% Germanium 51% f—"

Kazakhstan
Phosphorus 71

Indonesia ..
Natural rubber 31%

Australia
Coking Coal 24%

Russia

Palladium* 40%

38%
Bismuth 49%
Magnesium 93%
Natural graphite 47%
Scandium* 66%
Titanium* 45%
Tungsten* 69%
Vanadium* 39%
LREEs 99%
HREEs 98%

* share of global production



More than 60 % of cobalt
in the world is mined
In Republic of Congo

(mostly in Chinese ownership)

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


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

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.

Akkumineraalien, -materiaalien
ja akkujen tuotanto

Hannukainen, Kolari
Hannukainen Mining
kaivosprojekti
rauta, kupari, koboltti

@ Kevitsa, Sodankyld @
Boliden
toimiva kaivos
nikkeli, kupari, koboltti
@ Terrafame, Sotkamo
toimiva kaivos
nikkeli, koboltti, kupari
Lantta, Kivijarvi
Keliber
kaivosprojekti
litium
Hautalampi, Polvijarvi
Eurobattery Minerals _ ©)
kaivosprojekti ,
koboltti, nikkeli, kupari @

Kokkol
{6) Kokkola

Umicore, kobolttijalostamo (pCAM)
Keliber, litiumhydroksidi

(7) vaasa ®

Johnson Matthey
CAM-tehdas suunnitteilla

Harjavalta -
Nornickel R | (910
nikkeli-kobolttisulfaatti 47" “awfs 7 :

Boliden kupari- ja nikkelisulatto :
Basf pCAM-tehdas rakenteilla

(9) Kotka
Finnish Battery Chemicals seka haussa oleva teollisuusyhtio
CAM-tehdas suunnitteilla
Hamina
Finnish Battery Chemicals yhdessa CNGR Advanced Material -yhtion kanssa
prekursoritehdas (pCAM) valmisteilla

[ uusikaupunki 2 salo
Valmet Automotive Valmet Automotive
akkukoontitehdas akkukoontitehdas

pCAM: prekursoritehdas, akun katodiaktiivimateriaalin esiastetehdas
CAM: katodiaktiivimateriaalitehdas

MT Koonnut: Jouko Kyytsonen Grafiikka: Jukka Pasonen Lahde: GTK
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)

Prof. Maarit Karppinen
Material chemistry

Prf.ari untr RESEARCH
Hydrometallurgy
COLLA-
BORATION

Prof. Tanja Kallio

L Electrochemistry

Aalto CHEM School Battery Research Groups

C. Peng, K. Lahtinen, E. Medina, P. Kauranen, M. Karppinen, T. Kallio, B.P. Wilson and M. Lundstrém, Role of
impurity copper in Li-ion battery recycling to LiCoO, cathode materials, Journal of Power Sources 450, 227630 (2020).



ENERGY CRITICAL ELEMENTS

PERIODIC TABLE OF THE ELEMENTS
.. APS-MRS energy-critical elements (ECEs) Elemenis also selected .
Bl Platinum group elements mwl:' Energy 3 &
[ Rare-earth elements bounding box. e
] Other ECEs
Bl Photovoltaic ECEs Al
|[Ti ||V
- HHh > St
“Tn "'n
ac 1| Rf || Db

Ac || Th Np Fu-l Bk | Cf ||[E |[|Fm | Md || No

Materials Research Society (MRS), USA
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http://pubs.rsc.org/is/content/articlehtml/2009/ee/b904116h

SOLID ELECTROLYTES

Electron flow Electron fiow Electron fiow Electron fiow
I:d:s-l:haa'-ge'}l @ (charge) (discharge) @ (charge)
- =i -‘.---:

apouy
apoyien
apouy

— | jthium ion

Separator

thin-layer type

Composite positive

electrode layer

Solid electrolyte | —

(SE) layer e ——— 2
Composite negative ~50 % 5Dmn?’| | &

elecirode layer



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 not yet comparable to 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
» |ntegration (interface contacts) with the electrodes

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

Bulk-type battery

Negative electrode
B (Li-In alloy, Li)
= Solid electrolyte
(Li,S-P,S; glass-ceramic)

Positive electrode
{LICDOE}



https://www.frontiersin.org/articles/10.3389/fenrg.2016.00025/full
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http://iopscience.iop.org/article/10.1088/1674-1056/25/1/018210

ALD

Atomic Layer Deposition

>

Increasing



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

Atomic Layer Deposition (ALD) MOSFET transistor

ALD/MLD 0.0002 mm=200nm
- Inorganic-organic thin films RGB Color iters
- MLD: molecular layer deposition oy

inorganic-organic-inorganic-organic

Advanced gas-phase thin-film technology

ALD cycle: two (or more) precursors
pulsed separately and sequently

Pin-hole free, conformal & large-area
homogeneous thin films with atomic-layer
level thickness control for microelectronics
and beyond

Insulator

El ectro- SIS:Ce/ZnS:Mn |
)MLD Iuminescent Insulator %

Metal Electrodes

ALD




ALD or LIPON

= LIPON: Lithium phosphorus oxynitride Li,PO; N,

= QOak Ridge National Laboratory: sputtering of Li;PO, target in N, plasma
= Stable in air and also in connection with Li anode

= Most promising solid-state electrolyte for thin-film Li-ion microbattery

= Amorhous intermediate between crystalline Li;PO; and Li,PO,N

= Jonic conductivity greatly enhanced by N doping (up to 10°°® S cm-1)

= ALD films: RT ionic conductivity 6.6 x 107 S cm™1

Eto“®o Et

Diethyl phosphoramidate

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




ALD + MLD: Metal-saving Li-organic microbattery

Flexible thin film microbattery

Lr°
O
/ / t2Li", 2e”

CATHODE: . "I
Li-benzoquinone ;

i

ELECTROLYTE:
ALD - LiPON N ;
ANODE: 7 €l
Li-terephthalate 217267\ v
= =L W
“,ﬁ"-O‘T‘/)'L\:::K\ -
oV

MLD

ALD/MLD-made Li-organic microbattery is flexible and cobalt-free, ultrafast to charge, but the
problem is the low energy capacity. Whole battery structure can be deposited in a same reactor,

without additives.
Nisula & Karppinen, In-situ lithiated quinone cathode for ALD/MLD-fabricated high-power thin-film battery, J. Mater. Chem. A 6, 7027 (2018).




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

Isill Lithium i
ethylene
P = moRraANIC
8 carbonate
thin film
LiPF, + —
Ethylene H
carbonate O\/\O
electrolyte & .
solution

u ALD/MLD

SEIl: Solid Electrolyte Interphase (forms naturally in Li-ion battery)

J. Heiska, M. Madadi & M. Karppinen, CO,-based atomic/molecular layer deposition of
lithium ethylene carbonate thin films, Nanoscale Advances 2, 2441 (2020).



