LECTURE SCHEDULE Mon (Ke3) 12.15-14.00
Wed (Ke2) 10.15 - 12.00

Date Topic Fri  (Ke5) 10.15-12.00

Wed 06.09. Course Introduction & Short Review on Elements & Periodic Table
Fri 08.09. Short Survey of Main Group Elements
Mon  11.09. Zn + Ti, Zr, Hf & Atomic Layer Deposition (ALD)
Wed  13.09. Transition Metals: General Aspects & Pigments
Fri 15.09. Redox Chemistry
Mon  18.09. Crystal Field Theory (Linda Sederholm)
Wed  20.09. V, Nb, Ta & Perovskites & Metal Complexes & MOFs & MLD
Mon  25.09. Cr, Mo, W & 2D materials & Mxenes & Layer-Engineering
Wed 27.09. Mn, Fe, Co, Ni, Cu & Magnetism
Fri 29.09. Cu & Superconductivity
Mon 02.10. Ag, Au, Pt, Pd & Catalysis (Antti Karttunen)

Wed 04.10. Lanthanoids + Actinoids & Luminescence

1.
2.
3.
4.
5.
6.
7.
8.
9.

Fri 06.10. Resources of Elements & Rare/Critical Elements & Element Substitutions

Fri 13.10. Inorganic Materials Chemistry Research

EXAM: Tuesday Oct. 17, 9:00-12:00 in Ke2




PRESENTATION TOPICS/SCHEDULE

Mon 25.09. Mo:

Wed 27.09. Mn:
Ru:

Fri  29.09. Cu:

Wed 04.10. Eu:
Nd:

Fri 06.10. Co:

Te:

Maryam Jafarishiad & Saara Siekkinen

Naomi Lyle & Sanni limaranta
Miklos Nemeszeghy & Timo de Jonge

Koshila Hiruni & Kaushalya Poonanoo

Binglu Wang & Mari Heikkinen
Patrich Wiesenfeldt & Tomoki Nakayama
Miikka Viirto & Ashish Singh

Gabrielle Laurent & Yan Zheng
Sonja Alasaukko-oja & Katri Haapalinna
Sofia Rantala & Roger Peltonen



QUESTIONS: Lecture 13

Select two examples of EU critical elements, and describe in each

case why the element is critical, and how you think would be the
best way to mitigate the criticality.




WHAT MAKES US CALL ELEMENTS RARE

= Absolute abundance ?
= Accessible resources (distribution, technical skills, etc.) ?

= Availability (politics, etc.) ?

WHAT MAKES US CALL ELEMENTS CRITICAL

= Essential to human health ?
= Needed to make crucial/desired devices ?
= Needed to generate/store energy ?

= Needed but not readily available ?
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https://en.wikipedia.org/wiki/File:Elemental_abundances.svg

660 km

ACCESSIBLE RESOURCES ot

= Distribution of the elements

125 GPa

= Mineral variety 2500 K - f 2,700 km
.. . . 135 GPa e j 12,890 km
= Mining/separation technologies 35004000k \§ _
= Mponeng gold mine in South Africa is the ?iiiﬁ
deepest mine in the world at a depth of ca. 4 km
330GP= ¥
5,000-5,500 K

360 GPa —¥— 6,370 km
5,500-6,000 K



http://www.wsj.com/articles/SB10001424052702304854804579236640793042718

London metal exchange

Aluminium
Aluminium Alloy
NASAAC
Copper

Lead

Nickel

Tin

Zinc

Cobalt
Molybdenum

Steel Billet

Official price
1,454.00
1,585.00
1,708.00
4 660.00
1,573.50
5,255.00

14,660.00
1,511.50
24,000.00
10,600.00
220.00

New York metal exchange

Top 10 Metals Products

Clearing CME Globex Floor CME ClearPort

Precious

Product Name

Base

Ferrous

Other

Sub Group Exchange Volume Open Interest

GC GC GC Gaold Futures Precious COMEX | 187,052 438212
Sl Sl sl Silver Futures Precious COMEX 63,572 172 527
oG oG oG 0G Gold Options Precious COMEX 25,194 1,515,879
PL PL PL Platinum Futures Precious NYMEX 14,805 75,822
S0 S0 §0 S0 Silver Options Precious COMEX 6,408 165,506
PA PA PA Palladium Futures Precious NYMEX 6,257 28,558
MGC MGC E-micro Gold Futures Precious COMEX 2,038 2,116
GCK GCK GCK Gold Kile Futures Precious COMEX 544 17
SIL SIL SiL 1,000-0z. Silver Futures Precious COMEX 206 2,003
Qo Qo miNY Gold Futures Precious COMEX 180 1,396
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The Price !

Price: affected by the rarity but also by fashion, speculation, politics, ...


https://pubs.geoscienceworld.org/msa/elements/article/11/5/305/137642/geological-and-economic-significance-of-supergene

CRITICAL for Health & Wellbeing
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CRITICAL as MEDICINE

CI//,’ Pt\\\\ NH3
Cl”  NH,

Cis-Pt complex for cancer

Li,CO4 for depression — ~'n

| o)
Au for RA HO | OH
(Rheumatoid Arthritis) | o NH,

|

lodine for thyroid hormones

Medicines are based not only on organics but on a much wider variety of elements



Almost the entire Periodic Table is being used

wume  Roughly 40 different elements

..

ws H, Li,Be, C,N, O, F, Al, Si, S, Cl,
" K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu,

= Zn, Ga, As, Br, Sr, Y, Zr, Ru, Pd, {8
= Ag,Cd, In, Sn, Sb, Ba, Ta, W, Pt, |
"= Au, Hg, Pb, Bi, Nd.

C R ITI CAL o % :;Drrr"ntgjt_:::: phone weighing 100 g
13.7 g of copper

fO r a1 l 0.189 g of silver
0.028 g of gold

Modern Devices Sie omeccipaladn

Courtesy of Dr Mike Pitts
Suwrce Basel Comvention, 2006; Lindholm (Nolda report), 2003 SUSta1ﬂab1“tY Maﬂager




https://rmis.jrc.ec.europa.eu/?page=crm-list-2020-e294f6
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Supply Risk

LREEs ©
O HREEs
|| Critical region e}
© Critical raw materials Antimony O @)
Phosphorus Magnesium
@)
Bismuth
Borate
o © Niobium
Natural Graphite O @)
Scandium
Indium © O o
Beryllium PGMs
Germanium QO
Helium Barite OVa“ad'Um o Tungstecn)
00 Hafnium Cobalt
. T . Gallium O
EU: Critical Raw Materials Fluorspar Phosphate Rock
. OO OO
. -
2011: 14 CRMs Silicon Metal Tantalum Rubber

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

Economic Importance



https://www.google.fi/url?sa=i&url=https%3A%2F%2Fwww.metals-hub.com%2Fes%2Fblog%2Fcritical-raw-materials-what-are-they%2F&psig=AOvVaw0WrlMNJ8m4iWOOJvslqUJ_&ust=1634320001669000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCJC-gcu6yvMCFQAAAAAdAAAAABAT

2023 Critical Raw Materials (Strategic Raw Materials in italics)

aluminium/bauxite coking coal lithium phosphorus
antimony feldspar LREE scandium
arsenic fluorspar magnesium silicon metal
baryte gallium manganese strontium
beryllium germanium natural graphite tantalum
bismuth hafnium niobium titanium metal
boron/borate helium PGM tungsten
cobalt HREE phosphate rock vanadium
copper* nickel*

* Copper and nickel do not meet the CRM thresholds, but are included as Strategic Raw Materials.

Nickel, being a Strategic Raw material, is the only battery material which has never been
on the list because of good supply diversification for the assessed period. Assessment
however neither reflects the concentration of ownership of the projects and production
capacities, nor private contractual arrangements, which may become an issue for the
future. Main global producers of ores and concentrates are Indonesia 26%, Philippines
14%, Russia 10%, New Caledonia 9%, Canada 8%, Australia 8% and several smaller
producers; and EU sources 39% from Finland, 24% from Canada, 19% from Greece, 8%
from South Africa, 4% from the US. Main refiners are China 33%, Indonesia 12%, Japan
9%, Russia 7% and several smaller producers; EU sources refined nickel from 29% from
Russia, 18% from Finland, 11% from Norway, 7% from Canada, 7% from Australia, 4%
from Greece and several smaller importers.

Copper, being a Strategic Raw material, is used in very large quantities of 20 Mt in 2020
for electrification across all strategic technologies. Its supply is very well diversified,
therefore it has not been considered critical before. However, it is challenging to
substitute due to its superior performance in electrical applications.



WHICH COUNTRIES PRODUCE THE CRM METALS (2020) ?

Russia
Palladiurm 46 %
e an
France
USA Hafrmium 43 %
Berylium 90%
Helium 73% China
Antirmony 87 %
- Baryte 44 %
Brsmiuth B2 %
Coking coal 54 %
L Fluarspar B4 %
Gallium 73%
DR _____ Rwanda Thailand Gerrmanium 67 %
At Tantalum 31 9% Matural rubber 329 Indium 57 9%
64 % i
Magnesium 87 %
Brazil Matural graphite 69 %
Miobiurm S0 5% Phosphate rock 44 %
Phosphorus 54 %
Scandium Bh %
South Africa Silkeorn rmetal 61 %
Iridium B85 % Tungsten B4 %
Platinum  70% Vanadium 53 %
Rhodium 83% LREEs 95 %
Ruthenium 53 % HREEs 95 %
#] £ 000 & 000 & GO krm
L i | ]

Referance data; DESA


https://www.google.fi/url?sa=i&url=https%3A%2F%2Fwww.eea.europa.eu%2Fdata-and-maps%2Ffigures%2Fcontribution-of-primary-global-suppliers&psig=AOvVaw0ss8gGZJLsRaKXxVtcGTqp&ust=1611080330625000&source=images&cd=vfe&ved=0CAIQjRxqGAoTCIDP_YmMpu4CFQAAAAAdAAAAABCpAQ

FROM WHICH COUNTRIES THE CRITICAL ELEMENTS/RAW MATERIALS
COME TO EU CURRENTLY ?

Spain, 2% Thailand, 2%
Russia, 2%

France, 2%
Turkey, 2%
Brazil, 2%
Ch||e 29%
Australia, 3%
USA, 3%
Congo, DR, 5%

South Africa, 9%

China, 66%



Figure D: Major EU suppliers of CRMs

Finland e
Nickel 38% P
Norway .-+
Silicon metal 33%;
Belgium
Arsenic 59%

poland

France 5
Hafniugy 76% g‘;";’;g‘_ oo 4s%
i . 2 » (]
g:;;fhﬂ;?g‘;;’ Strontium 99% ' Gallium 71%
. Morocco , Qatar Germanium 45%
\ Phosphate rock 27% Tiirkiye Hellum 35% Magnesium 97%
. \ A ‘ Natural Graphite  40%
. Mexico Antimony 63% ? LREE 85%
Fluorspar 33% . Boron 99% HREE 100%
Sl Feldspar ~ 51% . iy
Aluminium (bauxite) 63% " Scandium 67%
Tungsten 32%
- DRC A Kazakhstan Vanadium* 62%
Cobalt* 63% Phosphorus 71%
Tantalum 35% ; Titanium metal 36%

Brazil
Niobium®* 92%

Chile
Lithium 79%

South Africa #
[ridium™

Palladium*  36%

Platinum™ 71% v
i

i Eﬂgﬁ:ﬂ}m* gif;/g * share of global production

= italic = extraction stage

. Manganese  41% regular = processing stage

Source: "European Commission, Study on the Critical Raw Materials for the EU 2023- Final Report"



Figure F: Recycling’s contribution to meeting materials demand (End of Life
Recycling Input Rate)?®

EU End of Life Recycling Input Rate [%]
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ECE: Energy Critical Elements (by APS & MRS)

PERIODIC TABLE OF THE ELEMENTS

APS-MRS energy-critical elements (ECEs) Elemenis also selected

by the Department of Energy |-
Il Piatinum group elements n:nnud by a thicker W
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WHAT SHOULD WE DO ?
» Re-use & Re-cycle

» Substitute critical by non-critical

End Use

Extraction Processing Components Applications

Recycling and Reuse



Electron Energy
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TRANSPARENT CONDUCTING OXIDES (TCOs)

« ITO (In-Sn-0O) is the current commercial leader,
but the waste recovery is very much limited

« F-doped SnO, is a good candidate
 Al-doped ZnO would be a highly sustainable replacement



Strongest permanent magnets: Nd,Fe,,B & SmCo,

“Non-Critical” ALTERNATIVES — Are there such ?

» REQUIREMENTS: Curie temperature, Magnetization, Coersivity
= AINiCo: “best of the rest”
= g-Fe,O4 (difficult synthesis)

= Electromagnets

Matenal magnetized
) to saturation by
Magnetization alignment of domains.

1
of material pg Q_h{g: Electromagnet

When driving magnetic hield drops

to zero, the ferromagnetic material

relains a considerable degree of The material follows a non-linear
magnetization. This is useful as a

magnetic memory device

magnetization curve when
\ ¥ -~y

magnetized from a zero field value,

=
2N~
The driving magnetic field must be
reversed and increased lo a large
value to drive the magnetization to The hysteresis loop shows the "history

2ero again. dependent” nature of magnetization of a

= —Jf"] ferromagnetic material. Once the
% material has been driven to saturation,
= = 1 the magnetizing field can then be
Toward saturation in dropped to zero and the mai_enal will
the opposite direction retain most of its magnetization (it
remembers its history)

Applied magnetic
K721 H field intensity

permanent magnet



https://www.google.com/url?sa=i&url=http%3A%2F%2Fhyperphysics.phy-astr.gsu.edu%2Fhbase%2FSolids%2Fhyst.html&psig=AOvVaw3w3PZAI18JeF1N_SHJraOK&ust=1633878008476000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCOic44TMvfMCFQAAAAAdAAAAABAI
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Li-ion battery
Cathode: LiCoO,

Cathode material
34.7%




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

CATHODE LiCoO,
Li(Co,Ni,Mn)O, (raw mat., perfor.), LiMn,O,, LiFePO, (safety)

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

ELECTRO- LiPFg4 + ethylene carbonate solution
LYTE Solid electrolytes (safety)

Liquid electrolyte

LiCoO, Graphite




In 2030 one third of cars
will be electric !

1in3

vehicles will be electric by 2030

Bloomberg New Energy Finance 2017

Paljonko litiumia tarvitaan?
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Lahde: Global X LCC

paketti: 1 kg

How much
metals needed in
600 kg battery:

« 8kglLi
« 7kgCo
50 kg Ni



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

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 MINERAL
MINES AND PROCESSING PLANTS

Battery Minerals in FINLAND
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Flexible safe “metal-sparing” Li-organic battery
A

LiO
\ - OLi Aalto University
School of Engineering
= Li
%@ﬁ - ALD/MLD
Li (atomic/molecular layer deposition) (\f:r’“/\

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

M. Nisula & M. Karppinen, Nano Lett. 16, 1276 (2016). TOYOTA
M. Nisula & M. Karppinen, J. Mater. Chem. A 6, 7027 (2018).


http://www.techweekeurope.co.uk/workspace/battery-powered-clothing-to-charge-mobile-devices-58985
http://www.google.fi/imgres?imgurl=http://www.strata-gee.com/wp-content/uploads/2012/06/Corning_Flexible_Bend.jpg&imgrefurl=http://www.strata-gee.com/new-corning-glass-is-so-thin-its-flexible-will-drive-new-ce-products-by-2013/&h=540&w=540&tbnid=B7cYWgg-JeMzMM:&zoom=1&docid=rZNtKQ8UIYXvKM&ei=JBZuVdi4JMm9swGJmoAo&tbm=isch&ved=0CGsQMyhEMEQ
https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjX0ZHu47LlAhV-wsQBHU4ABQYQjRx6BAgBEAQ&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FAalto_University_School_of_Engineering&psig=AOvVaw1OUrdgwtDXkkS3TigVUqSj&ust=1571933790339467

