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13.09.
15.09.
17.09.
20.09.
22.09.
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29.09.
04.10.
06.10.
08.10.
11.10.
13.10.
15.10.
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20.10.

Topic

Course Introduction & Short Review of the Elements

Periodic Properties & Periodic Table & Main Group Elements (starts)
Short Survey of the Chemistry of Main Group Elements (continues)
Zn + Ti, Zr, Hf & Atomic Layer Deposition (ALD)

Transition Metals: General Aspects & Pigments

Ag, Au, Pt, Pd & Catalysis (Antti Karttunen)

Redox Chemistry

Crystal Field Theory

V, Nb, Ta & Metal Complex & POM, MOF, MLD

Cr, Mo, W & 2D materials

Mn, Fe, Pt metals & Magnetism

Co, Ni, Cu & Superconductivity

Resources of Elements & Rare/Critical Elements & Element Substitutions
Lanthanoids + Actinoids & Luminescence (Down/Upconversion)
Inorganic Materials Chemistry Research

EXAM: Thu Oct. 28, 2021 (in ZOOM) at 9.00 — 12.00




INORGANC CHEMISTRY

Aalto University
Department of Chemistry &
Materials Science

Sustainable
energy materials

= Novel Functional (bulk) Oxide Materials

- high-T, superconductors

- thermoelectric materials

- exotic magnetic materials (halfmetals, ferroelectrics)
- 1onic conductors (fuel cell, battery, oxygen storage)

= ALD (Atomic Layer Deposition) Thin Films

- complex (ternary & quaternary) oxides

- oxide coatings on novel/exciting surfaces
(polymers, biomaterials, textiles, steel, etc.)

- inorganic/organic hybrid materials

KEY CONCEPTS:
Layer-engineering & Oxygen-engineering & Nanostructuring




Ultra High-Pressure (HP) synthesis Atomic Layer Deposition (ALD)

o '

thin-film technology
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AV ST THERMOELECTRICS: Electricity from (waste) Heat

B Technology


https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.intechopen.com%2Fchapters%2F67825&psig=AOvVaw2P-KfhHo8gJqkUK5Yqxcla&ust=1634467857312000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCNCR5rXhzvMCFQAAAAAdAAAAABAv

Heat rejected

Heat ipput B S ST 20mm _g8

Epoxy/RTV sealing layer
Electrical conductor-Copper

Heat Sink N-type thermoelement
P-type thermoelement

Electrical insulator-Ceramic

Electric output

THERMOELECTRIC MODULE:  heattopu

p- and n-type semiconductor legs



https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FSchematic-of-a-commercial-thermoelectric-generator-module_fig1_274254828&psig=AOvVaw1jB7UlO9Redt3u2uu4UpjZ&ust=1634403033801000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCOiv-_PvzPMCFQAAAAAdAAAAABBR
https://en.wikipedia.org/wiki/Thermoelectric_generator

SPACE MISSIONS

= Space exploration missions
require: safe, reliable, long-lived
power systems to provide
electricity to the spacecratft itself
and to its science instruments

= Uniquely capable power source:
radioisotope thermoelectric
generator (“nuclear battery”)
that reliably converts heat into
electricity

= 238Plutonium radioactive decay
provides reliable continuous heat
source

= Radioisotope power has been
used by NASA over the last four
decades for tens of space
missions up to Mars



https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.is.fi%2Ftiede%2Fart-2000007750046.html&psig=AOvVaw2Hb8qLCAJtkupAHTNhmtGo&ust=1634493591212000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCODtvvzBz_MCFQAAAAAdAAAAABAD

IT COULD BE AS SIMPLE AS THIS, TOO !

Graphlte PEDOT:PSS

Paperiarkki, lyijykyna &
sdhkdnjohtavaa muovia
Helmholtz Centre in Berlin

BioLite CampStove:
Akkua lataava risukeitin

Hawu Pro sah kokam | na



https://hawu.pro/projekti/hawu-sahkokamiina-projekti/
https://hawu.pro/projekti/hawu-sahkokamiina-projekti/
https://media2.retkitukku.fi/product-images/XL/biolite-campstove-2-1-1.jpg

A screoiorchenica What kind of material requirements?

B Technology


http://www.jharkhandstatenews.com/scientists-convert-waste-heat-into-electricity/

FLEXIBLE/WEARABLE
THERMOELECTRICS oo oron

= Hot topic currently i o

Bi-Te-based TE legs

» Flexibility needed for better
contact with e.g. tubular heat
sources

» Flexibility needed for wearable
devices

——————
..........

Arbitrary-shaped
heat source

= Micro-energy-harvesters in the
power range of 10-1000 pW
(for e.g. body-implanted
pacemakers, sensors)

TEG Embedded
in an Armband



https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.directindustry.com%2Fprod%2Fmarlow-industries%2Fproduct-37316-1537959.html&psig=AOvVaw1jB7UlO9Redt3u2uu4UpjZ&ust=1634403033801000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCOiv-_PvzPMCFQAAAAAdAAAAABA6
https://www.google.com/url?sa=i&url=https%3A%2F%2Fscitechdaily.com%2Fenergy-harvesting-from-skin-temperature-for-battery-free-wearable-electronics%2F&psig=AOvVaw1jB7UlO9Redt3u2uu4UpjZ&ust=1634403033801000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCOiv-_PvzPMCFQAAAAAdAAAAABAu

THERMOELECTRIC MATERIALS

n I -0f- i SZO-
Figure-of-Merit (ZT) FT — T s g g
» Heat-to-Electricity Conversion Efficiency (n) K ‘ g
= Conversion efficiency increases by increasing ZT
: . . : - AT N1+ZT -1
= ZT increases by increasing electrical conductivity (o) n=

T, N1+ ZT +T /T,

& decreasing thermal conductivity (k) — DIFFICULTY
= Two terms for k: electronic (k.) and lattice (k)
= More efficient for high-temperature application !
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http://thermoelectrics.matsci.northwestern.edu/graphics/thermoelectrics/n-zT.jpg


http://thermoelectrics.matsci.northwestern.edu/graphics/thermoelectrics/n-zT.jpg
https://www.google.com/url?sa=i&url=https%3A%2F%2Ffile.scirp.org%2FHtml%2F14-8101418_5347.htm&psig=AOvVaw1fhw5ctBJgDY4LXRJJVD0u&ust=1634488369914000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCPif8umtz_MCFQAAAAAdAAAAABAs
https://www.google.com/url?sa=i&url=https%3A%2F%2Fpubs.rsc.org%2Fen%2Fcontent%2Farticlehtml%2F2017%2Fee%2Fc7ee02007d&psig=AOvVaw1fhw5ctBJgDY4LXRJJVD0u&ust=1634488369914000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCPif8umtz_MCFQAAAAAdAAAAABBr

%o
K
WELL-KNOWN WAYS TO ENHANCE ZT

= Carrier concentration tuning:

- In particular for optimized combination 10
0 and S (Seebeck coefficient)

= For reducing thermal conductivity (lattice k,):

Heavy elements (often the rarest !)
Complex crystal structures

Defect engineering (phonon scattering)
Nanostructuring

Z1l =

I', kx=K,+kK;

Matrix

Dispersed s
Phase



https://www.google.com/url?sa=i&url=https%3A%2F%2Ffile.scirp.org%2FHtml%2F14-8101418_5347.htm&psig=AOvVaw1fhw5ctBJgDY4LXRJJVD0u&ust=1634488369914000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCPif8umtz_MCFQAAAAAdAAAAABAs
https://www.google.com/url?sa=i&url=http%3A%2F%2Fthermoelectrics.matsci.northwestern.edu%2Fthermoelectrics%2Findex.html&psig=AOvVaw1fhw5ctBJgDY4LXRJJVD0u&ust=1634488369914000&source=images&cd=vfe&ved=0CAYQjRxqGAoTCPif8umtz_MCFQAAAAAdAAAAABDYAQ

THERMOELECTRICS SUMMARY

= QOver 65% of all energy produced is lost as waste heat

= Thermoelectric power generators, which are semiconductor-based
electronic devices, can turn this heat into electricity via the Seebeck effect

» These devices are simple to construct (just two different solid materials),
easy to scale-up & long-term reliable

= However, we need MATERIALS that are good electrical conductors but
have extremely low thermal conductivity — This is a very tricky
combination to achieve (but a materials chemists dream research topic)

= Moreover, the devices should stand heat sources as hot as 500 °C
» Also, mechanical flexibility desired

= True commercialization of thermoelectric technology has been seriously
limited by the low ZT values and the presence of toxic elements (e.g. Pb)
or rare elements (e.g. Te)

= Minimum criterion:; ZT>1
Long desired: ZT > 2
Dream-of-the-Dream: ZT >4

A' Aalto University
[ |



SnSe

Single crystal SnSe

= Record low thermal conductivity among
crystalline (electrically conducting) materials

= Heat (lattice vibrations or phonons) does not
travel through this material because of its
soft but “posture-pedic mattress” like
layered crystal structure

= SnSe can stay hot on one side while
remaining cool on the other side

Mercouri Kanatzidis Group: Ultralow thermal
conductivity and high thermoelectric figure of merit
In SnSe crystals, Nature (2014).

Polycrystalline SnSe

» Heat-to-Elec conversion efficiency: ca. 20%

= ZT=3.1at783K

= SnSe is p-type semiconductor; next goal is
to find its matching n-type counterpart

Mercouri Kanatzidis Group: Polycrystalline SnSe
with a thermoelectric figure of merit greater than
the single crystal. Nature Materials (2021).
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https://chemgroups.northwestern.edu/kanatzidis/research.html



https://monlitcabane.com/en/mattress/1582-matelas-a-ressorts-ensaches-poseidon-16cm.html?SubmitCurrency=1&id_currency=2&utm_campaign=adwords&utm_source=shopping&utm_medium=prestashop&bt_product_attribute=17608

GENERAL FORMULA of High-T, Superconductors

I\/ImAZBn-lcunOm+2+2nii5
= M-m2(n-1)n

= HOMOLOGOUS SERIES: M, m, A and B fixed, n varies
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M. Karppinen & H. Yamauchi,

Control of the charge inhomogeneity and

high-Tc superconducting properties in
homologous series of multi-layered copper oxides,
Mater. Sci. Eng. R 26, 51-96 (1999).




HOMOLOGOUS SERIES of Thermoelectric Misfit Oxides
[(MO),,(A0),],C00,

Thermoelectric material: high electrical conductivity & ultralow thermal conductivity
First oxide thermoelectric material: Na,CoO, (viz. Li,CoO, battery cathode)
Thermoelectric [CoCa,0;],C00, and [Bi,Sr,0,],Co0, CoO, were discovered later
CoO, layers with mixed-valent cobalt — electrical conductivity (viz. HTSCs)
"Misfitting” metal oxide layers — structural complexity — low thermal conductivity
Homologous series: understanding the general trends in the properties

Na,CoO,
k=1, m=0 k=2, m=0 k=2, m=1




ALD (Atomic Layer Deposition) ML D (Molecular Layer Deposition)

High- lity INORGANIC thin films
Wli?h acigilicylevel control . ORGANICS l

for microelectronics and beyond

T. Yoshimura, S. Tatsuura & W. Sotoyama,
Polymer films formed with monolayer growth steps by molecular layer deposition,
Appl. Phys. Lett. 59, 482 (1991).




Inorganic-Organic (Metal-Organic) Thin Films
by Combined ALD/MLD

NOVEL FLEXIBLE MULTIFUNCTIONAL HYBRID MATERIALS
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DIFFERENT LAYER SEQUENCES BY DESIGN

Aalto University
School of Chemical

B Technology



TEXTILE THERMOELECTRICS: ALD/MLD ZnQO:organic

PHONON ELECTRON
|

Organic
: Oxide (ZnO)

—

Organic layers in ZnO:org
superlattices reduce thermal
conductivity (into 1/50) without
lowering electrical conductivity

T. Tynell, A. Giri, J. Gaskins, P.E. Hopkins,
P. Mele, K. Miyazaki & M. Karppinen,
J. Mater. Chem. A 2, 12150 (2014).

G. Marin, R. Funahashi & M. Karppinen,
Adv. Eng. Mater. 22, 2000535 (2020).

Flexible TE “device”

on plastics

Textile-integrated thermoelectrics

ZnO:org film grows in a conformal manner
on textile fibers so that the entire textile
piece becomes an active part of the device

Thermoelectric device on Textile substrate

eeeoosessee
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Thermal conductivity [W m-1K-1]

ZnO (~100 nm) ~43
5 org. layers 11.8
6 org. layers 7.1

12 org. layers 4.1

20 org. layers 3.1

40 org. layers 1.3

80 org. layers 0.7

11.8 9.3
Wm1K-1 W m1K-1
Superlattice Gradient films (disordered)

0.1
W m-1K-1

8.2
Wm1lK-1

F. Krahl, A. Giri, J.A. Tomko, T. Tynell, P.E. Hopkins & M. Karppinen, Thermal conductivity reduction
at inorganic-organic interfaces: from regular superlattices to irregular gradient layer sequences
Adv. Mater. Interfaces 5, 1701692 (2018).




OTHER ALD/MLD RESEARCH EXAMPLES

A' Aalto University
[ |



= Simple & critical-raw-material-free AN AN 4 Fep

Rarest of the Fe,O4 polymorfs

FCA

= RT ferrimagnet (T = 490K) SO0 7 LA 3 (Distorted Octahedra)

= Colossal coercivity % | DS

= Magnetoelectric ¢ A oud P Y 9 —Tr e e
- v VG . - (Regular Tetrahedra)

1934: First observed by Forestier and Guiot-Guillain
1963: Named by Schrader and Buttner

2004: Synthesis of pure e-Fe,O4 with giant coercive field values (up to 2 T)
- J. Jin, S.I. Ohkoshi & K. Hashimoto, Adv. Mater. 16, 48 (2004)

State-of-the-art: Synthesized in nano-scale/trace amounts only
- J. TuCek, R. Zbofil, A. Namai & S.I. Ohkoshi, Chem. Mater. 22, 6483 (2010)

2017: ALD of e-Fe,O4 thin films
- A. Tanskanen, O. Mustonen & M. Karppinen, APL Mater. 5, 056104 (2017)



Facile ALD process for stable e-Fe,O5 thin films

= Just “most common” precursors: FeCl; & H,0

= Deposition temperature: 280 °C
» Substrate: silicon, flexible glass, Kapton, polyimide, etc.

ALD: large-area homogeneity & conformality over porous templates — “MASS production”
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A. Tanskanen, O. Mustonen & M. Karppinen,
Simple ALD process for e-Fe,O; thin films,
APL Materials 5, 056104 (2017).



e-Fe,0;:0rganic Superlattices (SL) by ALD/MLD
ORGANICS: terephthalic acid (TPA) or azobenzene (AZO)
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MECHANICALLY FLEXIBLE: g-Fe,O;: TPA

300
200
300 K E-FeZO3 100 }
0
ASOO
: 2
e-Fe,0;-organic| |, |
?100 -
5
0
300
200
100
b | - 0
‘Mag.coercjve field (0.2 T), 107

-2 -1 0 1 2

A. Philip, J.-P. Niemel&, G.C. Tewari, B. Putz, T.E.J. Edwards, M. Itoh,
l. Utke & M. Karppinen, Flexible e-Fe,O,-terephthalate thin-film magnets
through ALD/MLD, ACS Appl. Mater. Interfaces 12, 21912 (2020).



PHOTOSWITCHABLE: e-Fe,0;:AZ0O

Trans Cis

E; UV light

w

N

0 min

UV absorption:
trans-cis transition
_ IS reversible

Absorbance

Q V|S|ble Ilght

300 450 600
Wavelength (nm)

agnetization (emu)

o
. Magnetization (emu)

M

0 20

0 20 0 20
Magnetic field (kOe) Magnetic field (kOe)

Magnetization (remanent and saturation) increased (doubled)
Coercivity decreased (into half)



M\/ O OH Known
DCbID
S5y’ HO O structure
Cu(thd), Terephthalic acid (TPA)
E. Ahvenniemi & M. Karppinen, Chem. Commun. 52, 1139 (2016).

Lithium-benzoquinone

- Previously non-existing material
- Structure predicted by DFT
- Under-coordinated lithium (3-coord.)

M. Nisula, J. Linnera, A.J. Karttunen & M. Karppinen,
Chem. — Eur. Journal 23, 2988 (2017).

Azabenzene din:arhﬂxylic acid

"Illl‘l'r ™

I

Iron-azobenzoate
- New material

(mmm : ;—“ T, | Irradiation " — - Structure not yet known
by o e e - UV-switchable (cis-trans)
FECI ' *“"1 ‘;' ) ;‘Lflﬁp “ﬁ"ﬁk
t vk ‘H*"‘r A. Khayyami, A. Philip & M. Karppinen,
Trans Trans - Cis Angew. Chem. 58, 13400 (2019).

EXAMPLES: In-Situ CRYSTALLINE Metal-Organic films via ALD/MLD


http://commons.wikimedia.org/wiki/File:Terephthalic-acid-2D-skeletal.png

MATERIAL FUNCTION HIGHLIGHTS: Li-ion microbattery

Flexible Microbattery

Lr°
o)
/ / t2Li", 2e”

CATHODE: . LiOQOL

/

Li-benzoquinone
MLD .
ELECTROLYTE:
ALD LiPON by ALD P
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MLD

M. Nisula & M. Karppinen, In-situ lithiated quinone cathode for ALD/MLD-fabricated
high-power thin-film battery, Journal of Materials Chemistry A 6, 7027 (2018). @

TOYOTA




= Charging/discharging: extremely fast
= Power density: ~500 W/cm?
= Energy density: ~100 mWh/cm?3

20 min s D A
—— 20 pA

25¢L
< ——100 pA
% — 200 pA
250 — 1000 pA
= : —— 2000 pA
> —— 5000 pA
315}

0.25s

0.0 02 04 06
Capacity density (uAh/cm?)

HIGH POWER & ENERGY DENSITY

- M. Nisula, Y. Shindo, H. Koga & M. Karppinen, Chem. Mater. 27, 6987 (2015).
- M. Nisula & M. Karppinen, Nano Lett. 16, 1276 (2016).

- M. Nisula & M. Karppinen, J. Mater. Chem. A 6, 7027 (2018).

- J. Heiska, M. Nisula & M. Karppinen, J. Mater. Chem. A 7, 18735 (2019).



PDC TPA NDC
47 A 5.5A 7.6 A
0 O .OH O+ _OH
Organic Ho N
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O OLi
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Li(thd)

BPDC AZO
9.7 A 1M.5A
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HO o

Electron-withdrawing
amino group — Redox
potential increases

= J. Heiska, M. Nisula, E.-L. Rautama, A.J. Karttunen & M. Karppinen, Atomic/molecular layer deposition
and electrochemical performance of dilithium 2-aminoterephthalate, Dalton Transactions 49, 1591 (2020).

= J. Multia, J. Heiska, A. Khayyami & M. Karppinen, Electrochemically active in-situ crystalline lithium-
organic thin films by ALD/MLD, ACS Applied Materials & Interfaces 12, 41557 (2020).



MATERIAL FUNCTION HIGHLIGHTS: Artificial SEl-barrier

\d
B LITHIUM "'"skr-s{“"
P = Noraanic ALKYL Li
@ = ORGANIC CARBONATE
THIN FILM

R

\OJJ\OLi _ 0=C=° "
CARBONATE & o
SOLVENTS

+

jF, 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).



MATERIAL FUNCTION HIGHLIGHTS: Upconversion for PV

Wavenumber /1000 cm !

UPCONVERSION:
Near-IR — VIS light

- Metal-Organic COMPLEX: organics absorb strongly in IR
- PROBLEM: energy losses due to strong ligand vibrations
- ALD/MLD Ln-ORGANIC FILMS: organics more tightly bound — losses avoided

Z. Giedraityte, M. Tuomisto, M. Lastusaari & M. Karppinen, Three- and two-photon NIR-to-vis (Yb,Er)
upconversion from ALD/MLD fabricated molecular hybrid thin films, ACS Appl. Mater. Interfaces 10, 8845 (2018).
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NUCLEOBASES FROM NATURE
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= ALD/MLD can yield various new types of hybrid materials:
new MOFs & layer-engineered superlattice and gradient materials

= Many of these new materials can NOT be made by any other technique
= Novel material properties have been discovered and much more expected !!!
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