
Functional Inorganic Materials
Fall 2023

# Date Place Who Topic

1 Mon 4.9. U7 (U135a) Maarit Introduction + Materials design (doping)

2 Thu 7.9. Ke1 (A305) Antti Introduction + Computational materials design

3 Mon 11.9. U7 (U135a) Maarit Superconductivity: High-Tc superconducting Cu oxides

4 Thu 14.9. Ke1 (A305) Maarit Magnetic oxides

5 Mon 18.9. U7 (U135a) Maarit Ionic conductivity (Oxygen): Oxygen storage and SOFC

6 Thu 21.9. Ke1 (A305) Maarit Ionic conductivity (Lithium): Li-ion battery

7 Mon 25.9. U7 (U135a) Antti Thermal conductivity

8 Thu 28.9. Ke1 (A305) Antti Thermoelectricity

9 Mon 2.10. U7 (U135a) Antti Piezoelectricity

10 Thu 5.10. Ke1 (A305) Antti Pyroelectricity and ferroelectricity

11 Mon 9.10. U7 (U135a) Antti Luminescent and optically active materials

12 Thu 12.10. Ke1 (A305) Maarit Hybrid materials

Mondays: 10.15 - 12.00
Thursdays: 10.15 - 12.00

Lecture hall locations: U7 in Otakaari 1 / U-wing
Ke1 in Kemistintie 1 (CHEM building)

You can use https://usefulaaltomap.fi/ to see the exact location of U7.

https://usefulaaltomap.fi/


LECTURE 12: Hybrid Materials
 Two or more different components
 Composite versus Single Compound
 Components:  - brought together: sum of individual properties

- fused together: intermediate properties
- interactively fused: extraordinary properties

 Inorganic-organic materials
 CPs & MOFs
 ALD/MLD
 Layer-engineering & Superlattice

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=&url=https%3A%2F%2Fwww.pinterest.com%2Fpin%2F523965737873899740%2F&psig=AOvVaw0Sqa-tMeVwSSY7-qUSldlH&ust=1573150324321250


LECTURE EXERCISE 12
1. What are the possible dimensionalities (0D, 1D, 2D or 3D) of the followings:

(a) Metal-organic complex (coordination compound with organic ligands),
(b) Coordination polymer, (c) Metal-organic framework.

2. Are all CPs MOFs? Are all MOFs CPs? Please explain!

3. Give examples of properties which can be improved/controlled through
insertion of organic layers into inorganic matrix (with short explanations).

4. Give examples of ALD/MLD fabricated materials which are difficult (if not
impossible) to synthesize using conventional synthesis techniques. Explain
the unique benefits of ALD/MLD in these selected cases with few sentences.



EXAMPLES of Inorganic-Organic Hybrid Materials

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjpgOWmndblAhUMCZoKHdiWBvEQjRx6BAgBEAQ&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS1748013218304225&psig=AOvVaw1fcywr0e5ncgoWSGNDxkWd&ust=1573151689353510


FOR CHEMISTS: Inorganic-Organic Material
 Single Compound (NOT Composite) with Chemical Bonds
 Coordination/Metal Complex: central metal ion + (organic) ligands
 Coordination Polymer (CP): ligands act as bridges
 Metal-Organic Framework (MOF): highly porous

https://en.wikipedia.org/wiki/File:DimensionalityandCoordination.png
https://en.wikipedia.org/wiki/File:Trans-dichlorotetraamminecobalt(III).png
https://www.google.fi/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FSingle-crystal-X-ray-structure-of-MOF-5-constructed-from-Zn-4-O-COO-6-SBUs-connected_fig7_305997275&psig=AOvVaw2jQhIflxGLa4osjjd98cY0&ust=1598891029749000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCMCk47Crw-sCFQAAAAAdAAAAABAJ


HKUST-1

UiO-66

http://parallel-welten.info/live/suggestions/uio-66-cif/


http://pubs.rsc.org/en/content/articlelanding/2012/ee/c2ee22989g
http://pubs.rsc.org/en/content/articlehtml/2013/cs/c3cs60244c
https://www.google.fi/url?sa=i&url=https%3A%2F%2Fwww.tandfonline.com%2Fdoi%2Fpdf%2F10.1080%2F00268976.2018.1475688&psig=AOvVaw0IEz6OvVFqfLbkKK54Nj3T&ust=1599063711406000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCPDHqduuyOsCFQAAAAAdAAAAABAo


Synthesis of MOFs
 Synthesized most often in bulk form

via solution techniques
 Porous structure  →

MOFs absorb readily/unintentionally
solvent molecules

 Many prospective applications would
require high-quality thin films

 No gas-phase deposition techniques
(before ALD/MLD) !

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjS6r3m2OLQAhXKDiwKHZQCCWcQjRwIBw&url=http://www.sigmaaldrich.com/technical-documents/articles/materials-science/metal-organic-frameworks.html&psig=AFQjCNFtsxeieI35yyuzL0ySN_6cEp97Xg&ust=1481220945355435


Layered Inorganic-Organic Materials
 Exfoliation & mixing & precipitation (solution)
 Intercalation (solution or solid state or gas/solid)
 (Ion/molecule) Exchange (= topotactic substitution)
 Layer-by-layer piling (liquid-to-solid or gas-to-solid)

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FThe-principles-of-intercalation-of-guest-molecules-into-double-layered-hydroxide_fig1_280125693&psig=AOvVaw05jVLm6Dh91wU0TDeNuxSU&ust=1637822246004000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCLDo4tGxsPQCFQAAAAAdAAAAABA0
http://www.intechopen.com/books/materials-science-advanced-topics/conducting-polymers-layered-double-hydroxides-intercalated-nanocomposites
https://www.google.com/url?sa=i&url=https%3A%2F%2Feuropepmc.org%2Fabstract%2Fmed%2F29881273&psig=AOvVaw05jVLm6Dh91wU0TDeNuxSU&ust=1637822246004000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCLDo4tGxsPQCFQAAAAAdAAAAABA5






Multilayered
Cu oxides for

high-Tc superconductors

Layered
inorganic-organic
hybrid thin films

Ruddlesden-Popper
oxides for
SOFC et al.

Layered
Co oxides for

Li-ion battery & thermoelectrics

/Li





Electroluminescent display Instrumentarium/Finlux /Planar

Atomic Layer Deposition (ALD) Thin-Film Technique
- Gaseous precursors
- Self-limiting surface reactions
- Conformal, homogeneous thin films with atomic-layer accuracy



HfO2-ALD
HfCl4 + H2O

ALD cycle

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjH3PXQgavkAhVeAxAIHRFHCcoQjRx6BAgBEAQ&url=http%3A%2F%2Fphotonicswiki.org%2Findex.php%3Ftitle%3DAtomic_Layer_Deposition_ALD&psig=AOvVaw0_mlGATBbhtDhCU1gIrC5R&ust=1567268856410838


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



Advantages of ALD
 Relatively inexpensive method
 Excellent repeatability
 Dense and pinhole-free films
 Accurate and simple thickness control
 Large area uniformity
 Easy doping

 Excellent conformality

 Low deposition temperature
 Gentle deposition process

 Organic/polymer films
 Inorganic/organic hybrid materials

ELECTRONICS

NANO

BIO

NEW



ORGANICS !
(in 1990s)

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

High-quality
INORGANIC thin films
with atomic level control



Inorganic-Organic Hybrid Thin Films

by Combined ALD/MLD

MULTIFUNCTIONAL SINGLE-PHASE HYBRID (compound) MATERIALS !!!



J. Multia & M. Karppinen, Atomic/molecular layer deposition for designer’s functional
metal-organic materials, Applied Materials Interfaces 9, 202200210 (2022).

Yoshimura, Tatsuura & Sotoyama, Appl. Phys. Lett. 1991, 59, 482.
Yoshimura, Tatsuura, Sotoyama, Matsuura & Hayano, Appl. Phys. Lett. 1992, 60, 268.
Lee, Ryu, Choi, Lee, Im & Sung, J. Am. Chem. Soc. 2007, 129, 16034.
Smirnov, Zemtsova, Belikov, Zheldakov, Morozov, Polyachonok & Aleskovskii, Dokl. Phys. Chem. 2007, 413, 95.
Nilsen, Klepper, Nielsen & Fjellvåg, ECS Trans. 2008, 16, 3.
Dameron, Seghete, Burton, Davidson, Cavanagh, Bertrand & George, Chem. Mater. 2008, 20, 3315.

Annually
published
papers:
MLD &
ALD/MLD



ALD/MLD Processes: Metal Precursors

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


260 oC

ALD/MLD Processes: Organic Precursors
(with temperatures used for evaporation)

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


BACKBONE O/N/S Reactive
GroupS/N/OReactive

Group

Reactive groups: e.g. –COOH, ‒OH
→  Selected so far mostly based on the reactivity towards the metal precursor
→  Control over bonding mode: monodentate (‒OH) versus bidentate (‒COOH)

Linker atom within the reactive group
→  Covalency of the bond towards the metal species (e.g. M‒O, M‒N or M‒S)

BACKBONE: very little challenged so far !!!
→  Main component in the resultant metal-organic thin film !!!
→  Size & mass (→ porosity), chemistry, functionality, etc.

Functional groups attached to the backbone: fine-tuning of the backbone
→  Steric hindrance, number of bonding sites, conjugation, etc.
→  Electron-donating (‒NH2) or electron-withdrawing (‒OR) groups

Fun

Smart Tailoring of Innovative Organic Precursors
ORGANIC PRECURSOR



SIMPLE Metal-Organic HYBRIDS Superstructures
- Amorphous - Regular Superlattice (2013)
- Crystalline (2016) & Porous (2023) - Irregular Piling (2018)

→ Unforeseen MOF thin films → Layer-Engineering
→ Interface-Engineering

Multia, Kravchenko, Rubio-Giménez, Philip, Ameloot & Karppinen, Nanoporous metal-organic framework
thin films prepared directly from gaseous precursors by atomic and molecular layer deposition: implications for microelectronics,
ACS Appl. Nano Mater. (2023).

Inorg-org
interface

Organic

Organic

Inorganic

Exciting ALD/MLD Approaches

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


Organic (e.g. benzene)

Metal

Oxygen (or N, S, …)

Simple
Metal-Organic Network
(amorphous or crystalline) Superlattice Gradient hybrid Nanolaminate

DIFFERENT LAYER SEQUENCES BY DESIGN

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


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


DFT Modelling

XRR

Karttunen, Tynell & Karppinen,
J. Phys. Chem. C 119, 13105 (2015).

HR-TEM
Ghiyasi, Tewari & Karppinen, Organic-component dependent crystal
orientation and electrical transport properties in ALD/MLD grown
ZnO-organic superlattices, J. Phys. Chem. C 124, 13765 (2020).

https://en.wikipedia.org/wiki/Terephthalic_acid


Thermal conductivity [W m-1 K-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

SUPER-
LATTICE
PERIOD

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

Advanced Materials Interfaces 5, 1701692 (2018).

11.8
W m-1 K-1

9.3
W m-1 K-1

9.1
W m-1 K-1

8.2
W m-1 K-1

Superlattice Gradient films (disordered)



Textile-integrated thermoelectrics

Organic layers in ZnO:org superlattices
reduce thermal conductivity (into 1 / 50)
without lowering electrical conductivity.
Another unique feature is that the film
grows in a conformal manner on textile
fibers so that the entire textile piece
becomes an active part of the device.
G. Marin, R. Funahashi & M. Karppinen,
Adv. Eng. Mater. 22, 2000535 (2020).

NEXT:
ZnO is n-type semiconductor. For a full thermoelectric device,
we will next need a p-type counterpart: e.g. SnO, CuO

ELECTRONPHONON

Organic
Oxide



 ɛ-Fe2O3 is the rarest of the iron(III) oxide polymorfs
 Critical-raw-material-free
 RT ferrimagnet (TC ≈ 490 K)
 Colossal coercive field
 Magnetoelectric
 PROBLEM: stabilized/synthesized in nano-scale amounts only

Extraordinary Property Combination:
Mechanically flexible hard magnet ɛ-Fe2O3:organics





ε-Fe2O3

SL:  n = 3

SL : n = 20

Mechanical property testing: ɛ-Fe2O3:TPA

Tensile strain

A. Philip, J.-P. Niemelä, G.C. Tewari, B. Putz, T.E.J. Edwards, M. Itoh,
I. Utke & M. Karppinen, Flexible ε-Fe2O3-terephthalate thin-film magnets
through ALD/MLD, ACS Appl. Mater. Interfaces 12, 21912 (2020).

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. Philip, Y. Zhou, G.C. Tewari, S. van Dijken & M. Karppinen, Optically controlled large-
coercivity room-temperature thin-film magnets, J. Mater. Chem. C 10, 294 (2022).

UV absorption
trans-cis-trans
transition
is REVERSIBLE

970 (1.88)

1060 (1.94)

990 (1.86)

Coer. [Oe]
(Remn. Magn.)

PHOTO-SWITCHABILITY: ɛ-Fe2O3:AZO



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


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

Terephthalic acid (TPA)

Cu

Cu(thd)2

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

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

E. Ahvenniemi & M. Karppinen, Chem. Commun. 52, 1139 (2016).

Known
MOF-2
structure

A. Khayyami, A. Philip & M. Karppinen,
Angew. Chem. 58, 13400 (2019).

Iron-azobenzoate
- New material
- Structure not yet known
- UV-switchable (cis-trans)

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


M. Nisula, J. Linnera, A.J. Karttunen & M. Karppinen, Lithium aryloxide
thin films with guest-induced structural transformation by ALD/MLD,
Chemistry – A European Journal 23, 2988 (2017).

3-coord.
Li-site

Structure predicted by DFT

Li + Hydroquinone
 Crystalline films
 NOT synthesized by any other technique
 Under-coordinated Li-site
 Reversible water absorption (gas absorption)
 Potential application: Li-ion battery cathode

FTIR

XRD

As-deposited

Air-exposed

Dried



Li-benzoquinone
ELECTROLYTE:
ALD - LiPON

ANODE:
Li-terephthalate

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

CATHODE:

Metal-saving Li-organic microbattery
Flexible thin film microbattery





Flexible Lanthanide-Organic Phosphors

A. Ghazy, M. Lastusaari & M. Karppinen, White-light emitting multi-lanthanide terephthalate thin
films by atomic/molecular layer deposition, Journal of Materials Chemistry C 11, 5331 (2023).



TPA PDA

Cyt

Ghazy, Lastusaari & Karppinen, Excitation wavelength
engineering through organic linker choice in luminescent
atomic/molecular layer deposited lanthanide-organic thin
films, Chemistry of Materials 35, 5988 (2023).

Excitation-Wavelength Engineering:
- Choice of the organic component

HQA



ELECTRONPHONON

 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 !!!


