
Functional Inorganic Materials
Fall 2020

# Date Who Topic
1 Tue 27.10. Maarit Introduction + Superconductivity: High-Tc superconducting Cu oxides

2 Thu 29.10. Maarit Ionic conductivity (Oxygen): SOFC & Oxygen storage

3 Tue 03.11. Maarit Ionic conductivity (Lithium & Proton): Li-ion battery

4 Thu 05.11. Maarit Hybrid (inorganic-organic) materials

5 Tue 10.11. Antti Thermal conductivity

6 Thu 12.11. Antti Thermoelectricity

7 Tue 17.11. Antti Ferro-, pyro-, and piezoelectricity

8 Thu 19.11. Antti Magnetic and multiferroic oxides

9 Tue 24.11. Mady Metal-based energy-saving applications

10 Thu 26.11. Mady Metal-based energy-efficient windows and solar absorbers

11 Tue 01.12. Mady Metal oxides for energy-saving applications: Past and new trends

12 Thu 03.12. Mady Materials design and new perspectives

Tuesdays: 10.15 - 12.00
Thursdays: 10.15 - 12.00
Remote Zoom lectures

LECTURE 4: Hybrid (inorganic-organic) materials



# DATE TOPIC & KEYWORDS

1 27.10. (High-Tc) Superconductivity
New-material design, Multi-layered crystal structure, Mixed-valency, Oxygen
nonstoichiometry

2 29.11. Ionic conductivity: Oxygen
Oxygen vacancies, Redox-active cations, Mixed valency, Cation substitutions
(isovalent/aliovalent), Crystal symmetry, Oxygen storage, SOFC

3 03.11. Ionic conductivity: Hydrogen & Lithium
Water absorption & Oxide/hydroxide, Li-ion battery, Solid-state electrolytes

4 05.11. Hybrid materials
Inorganic-organic materials, MOF, ALD/MLD, Layer-engineering, superlattice



LECTURE EXERCISE 4
1. Explain why insertion of organic layers into inorganic matrix could be useful to

enhance (a) mechanical, and (b) thermoelectric properties.

2. Give an example of the ALD/MLD synthesis of new crystalline metal-organic material
which is very difficult if not impossible to synthesize using conventional synthesis
techniques. Explain the unique benefits of ALD/MLD with few sentences!

3. See the next page for this question, which is also related to Lecture 3.



EXERCISE 4.3
Read the relevant parts of the following articles on Li-ion thin-film micro-battery and
answer (possibly with some illustrative figures from the articles) to the questions A-F; in
the best case you can write a short overall story.
1. Notten et al., 3D integrated all-solid-state rechargeable batteries, Appl. Mater. 19, 4564 (2007).
2. Talin et al., Fabrication, testing and simulation of all-solid-state 3D Li-ion batteries, ACS Appl. Mater.

Interfaces (2016).
3. Nisula et al, Atomic layer deposition of lithium phosphorous oxynitride, Chem. Mater. 27, 6987 (2015).
4. Nisula et al., In-situ lithiated quinone cathode for ALD/MLD-fabricated high-power thin-film battery, J.

Mater. Chem. A 6, 7027 (2018).
5. Heiska et al., Organic electrode materials with solid-state battery technology, J. Mater. Chem. A 7, 18735

(2019).

A. Readily integrable microbatteries are urgently needed as power sources for various
autonomous devices. What is the main problem with the present planar thin-film
microbatteries, and how the issue could be addressed (according to Ref. 1)?

B. In Ref. 2, sputtering is used as the thin-film deposition technique to fabricate 3D
microbattery (LiCoO2 cathode and LiPON electrolyte). What is the problem?

C. ALD could solve the problem, why?
D. In Ref. 3, an ALD process is developed for the state-of-the-art thin-film electrolyte

material, LiPON. What was the major challenge successfully addressed in the paper?
E. How about the conformality of the ALD-LiPON films?
F. In ref. 4, the ALD-LiPON process is combined with an ALD/MLD process for Li-organic

anode material for an all-ALD-made microbattery. What are the unique advantages?
You can also read Ref. 5 (page 18752) for further explanation.
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Multilayered Inorganic-Organic Hybrids

http://www.intechopen.com/books/materials-science-advanced-topics/conducting-polymers-layered-double-hydroxides-intercalated-nanocomposites


Multilayered
Inorganic-Organic
Hybrids



FOR CHEMISTS: Inorganic-Organic Material
 Compound NOT Composite
 Coordination/Metal Complex: central metal ion + (organic) ligands
 Coordination Polymer/Network: 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




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
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ALD research at TKK/Aalto CHEM

Atomic Layer Deposition (ALD)



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 !!!



ANNUALLY PUBLISHED PAPERS:

MLD & ALD/MLD

Yoshimura, Tatsuura & Sotoyama,
Appl. Phys. Lett. 1991, 59, 482.

Yoshimura, Tatsuura, Sotoyama,
Matsuura & Hayano, Appl. Phys. Lett.
1992, 60, 268.

Kubono, Yuasa, Shao, Umemoto &
Okui, Thin Solid Films 1996, 289, 107.

Shao, Umemoto, Kikutani & Okui,
Polymer 1997, 38, 459.

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.



ALD/MLD Processes: Metal Precursors



260 oC

ALD/MLD Processes: Organic Precursors
(sublimation temperatures !)



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




XRR
ZnO:benzene
SUPERLATTICE



J. Tucek, R. Zboril, A. Namai & S. Ohkoshi,
ɛ-Fe2O3: an advanced nanomaterial exhibiting
giant coercive field, millimeter-wave ferromagnetic
resonance and magnetoelectric coupling,
Chemistry of Materials 22, 6483 (2010).

Maghemite (γ) – ɛ-Fe2O3 – Hematite (α)



A. Tanskanen & M. Karppinen, Tailoring of optoelectronic properties
of ε-Fe2O3 thin films through insertion of organic interlayers,
Physica Status Solidi – Rapid Research Letters, 1800390 (2018).

ɛ-Fe2O3-benzene SUPERLATTICES
 Benzene-ring layers embedded in ɛ-Fe2O3 matrix
 Terephthalic acid (TPA) as organic precursor
 [(FeCl3+H2O)m+(FeCl3+TPA)]n + (FeCl3+H2O)m

 Number of benzene-ring layers: n
 Deposited on: silicon, flexible glass, polymer film, etc.



Flexible Hard-Magnet Superlattice Thin Films:
 ɛ-Fe2O3 + n benzene layers (deposited on flexible substrate):
 Critical strain magnitudes larger for the ɛ-Fe2O3:benzene SLs

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 Applied Materials & Interfaces 12, 21912 (2020).

ε-Fe2O3

SL:  n = 3

SL : n = 20



Inorganic-Organic INTERFACES:
Reduction of Thermal Conductivity

 Thermal conductivity (κ) is important: thermal barriers, thermoelectrics, etc.
 Interfaces in the form of superlattice: metal oxide layers & organic layers
 Proof-of-concept data: ZnO:benzene in a scale of 1 ~ 20 nm for Zn
 Massive reduction in thermal conductivity: 43  →  0.7  W m−1 K −1

ELECTRONPHONON

Organic
Oxide

T. Tynell, A. Giri, J. Gaskins, P.E. Hopkins, P. Mele, K. Miyazaki & M. Karppinen,
Efficiently suppressed thermal conductivity in ZnO thin films via periodic
introduction of organic layers, J. Mater. Chem. A 2, 12150 (2014).

Thermal conductivity (Wm-1K-1)



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

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).

Superlattice Gradient films

XRR dataTotal film thickness: ~105 nm
Number of organic layers: 5
Average ZnO layer thickness: ~17 nm

Superlattice:  all ZnO layers ~17 nm
Gradient film: ZnO layers 9 ~ 28 nm

Gradient film

Superlattice



Plastics

Silicon

Textile

G. Marin, R. Funahashi & M. Karppinen,
Textile-integrated ZnO-based thermoelectric device using atomic layer
deposition, Advanced Engineering Materials 22, 2000535 (2020).

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


 Computational first-principles calculations
 Atomic-level bonding models
 Band structures
 Prediction of physical properties

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





Terephthalic
acid

+
ANODE
Li-terephthalate

ALD/MLD:
Li-thd + TPA

Layered structure with
alternating layers of
LiO4 tetrahedra & benzene-rings

Li-thd

M. Nisula & M. Karppinen, Atomic/molecular layer deposition of lithium
terephthalate thin films as high rate capability Li-ion battery anodes,
Nano Lett. 16, 1276 (2016).



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



ORGANIC ELECTRODE MATERIALS
 Sustainable in terms of elemental composition → Long-term dream
 Light elements only & Multiple electron transfer reactions

→ High specific capacities
 For example: Tarascon et al., Nature Mater. 8, 120 (2009)

 MAJOR PROBLEMS (in a conventional bulk wet-cell)

- Dissolution in conventional liquid electrolytes → Solid electrolyte
- Intrinsically extremely low electronic conductivity → Ultrathin film

→ THIN-FILM MICROBATTERY

Lithium terephthalate Li-TP
- Redox potential: 0.8 V vs. Li
- Specific capacity: 300 mAh/g
- Volume change:   small (6%)

CHARGING

DISCHARGING

+2 Li+, +2 e-





1980
LixCoO2 cathode
(Goodenough)

Current Li-ion Battery Technology

ALD/MLD made metal-sparing
flexible Li-organic thin-film battery

Goodenough, Whittingham & Yoshino

M. Nisula & M. Karppinen,
Journal of Materials Chemistry A 6, 7027 (2018).

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjwnuuXxLTlAhXik4sKHUVmAE4QjRx6BAgBEAQ&url=https%3A%2F%2Fspectrum.ieee.org%2Fconsumer-electronics%2Fportable-devices%2Fion-the-prize-the-2019-nobel-prize-in-chemistry&psig=AOvVaw3K1Ut9t5XQDng8s9FzaWfm&ust=1571993991486581
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


THIN-FILM MICROBATTERY
 Trade-off: Energy density – versus – Power density
 SOLUTION: Planar → 3D structure

High POWER
High ENERGY

Talin et al.,
Fabrication, testing and simulation of
all-solid-state 3D Li-ion batteries,
ACS Appl. Mater. Interfaces (2016)

Notten et al.,
3D integrated all-solid-state
rechargeable batteries,
Appl. Mater. (2007)

Concept of 3D Thin-Film Battery Sputtering → Low Performance



THERMOELECTRICS: electricity locally from waste heat
MICROBATTERY: local electric energy storage

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwi4sqeV1bTlAhUI0qYKHW5vDN0QjRx6BAgBEAQ&url=https%3A%2F%2Fwww.bankinfosecurity.com%2Fblogs%2Finternet-things-broken-dreams-p-1862&psig=AOvVaw1amlXoWSvfJSkyA7xE3jow&ust=1571995796618211
https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwik9_b1yrTlAhXrkIsKHVqSB4QQjRx6BAgBEAQ&url=http%3A%2F%2Fcinetcampus.fi%2Fen%2Fresearch%2Fiot%2Fresearch-group&psig=AOvVaw1amlXoWSvfJSkyA7xE3jow&ust=1571995796618211
https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiXuOarzLTlAhXS-ioKHVAHAPQQjRx6BAgBEAQ&url=http%3A%2F%2Fwww2.kyamk.fi%2FKoskinen%2F032016%2Fphone%2Fterveys.html&psig=AOvVaw1amlXoWSvfJSkyA7xE3jow&ust=1571995796618211


NEW EXCITING ORGANIC COMPONENTS

UV

VisZ. Giedraityte, O. Lopez-Acevedo, L.A. Espinosa Leal,
V. Pale, J. Sainio, T.S. Tripathi & M. Karppinen,
J. Phys. Chem. C 120, 26342 (2016).

A. Khayyami & M. Karppinen, Chem. Mater. 30, 5904 (2018).
A. Khayyami, A. Philip & M. Karppinen,
Angew. Chem. Int. Ed. 58, 13400 (2019).

https://en.wikipedia.org/wiki/Nucleic_acid_analogue
https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjR0b2CnofmAhVp5KYKHUo_BDYQjRx6BAgBEAQ&url=https%3A%2F%2Fwww.scienceforums.net%2Ftopic%2F55031-aniline-to-azobenzene%2F&psig=AOvVaw2atwLM3WfvBV4ZyLuMbsQF&ust=1574834634794177
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


Iron-Azobenzene MOFs
 FeCl3 + azobenzene dicarboxylic acid
 Crystalline (unknown structure) films
 Trans-to-cis transition upon UV irradiation
 Reversible water absorption (trans, 75% RH) / release (UV, cis)

A. Khayyami, A. Philip & M. Karppinen, Atomic/molecular layer deposited iron-
azobenzene framework thin films for stimuli-induced gas molecule capture/
release, Angewandte Chemie International Edition 58, 13400 (2019).



PHOTON-UPCONVERSION
THIN FILM (PUTF):

IR-absorbing organics

- Z. Giedraityte, M. Tuomisto, M. Lastusaari & M. Karppinen, Three- and two-photon NIR-to-vis (Yb,Er) up-conversion from
ALD/MLD fabricated molecular hybrid thin films, ACS Appl. Mater. Interfaces 10, 8845 (2018).
- A. Ghazy, M. Safdar, M. Lastusaari, A. Aho, A. Tukiainen, H. Savin, M. Guina & M. Karppinen, Luminescent (Er,Ho)2O3 thin
films by ALD to enhance the performance of silicon solar cells, Solar Energy Materials & Solar Cells 219, 110787 (2021).



ELECTRONPHONON

• ALD/MLD can yield various new types of hybrid materials, such as MOF-
structured materials and layer-engineered superlattice and gradient materials

• Many of these new materials can NOT be made by any other technique
• Novel material properties discovered and much more expected !!!
 Fabricated with industry-feasible state-of-the-art ”Finnish” technology
 Flexible coatings which could be integrated with e.g. textiles


