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Combinatorial and high-throughput methods for the investigation of novel materials
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Materials discovery

Possibilities and challenges
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Applying combinatorial and high-throughput methods to develop compositionally complex alloys

Unexplored compositionally complex materials
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Compositional,
process-related
and structural
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High-throughput methods in materials science

Mapping of physical properties versus composition
Properiy X

.+ | Combinatorial approach

Fabrication of
many samples

in one experiment
under identical
conditions:
Materials Libraries

“Conventional”
materials science:
»one by one“ approach
-> limited rate of
discoveries

(often serendipitous)

Example: NiTi

e !» .
Composition

Fabricate Materials library:
MATERIALS LIBRARIES A well-defined set of materials

+

- suitable for high-throughput characterization -

Use
HIGH-THROUGHPUT CHARACTERIZATION || Produced in one experiment under
,screening” identical conditions
Fundamental Aspects of Materials Science and Engineering S
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Seminal paper in combinatorial material

science

A Combinatorial Approach to Materials Discovery

X.-D. Xiang,* Xiaodong Sun, Gabriel Bricefio, Yulin Lou,
Kai-An Wang, Hauyee Chang, William G. Wallace-Freedman,
Sung-Wei Chen, Peter G. Schultz*

A method that combines thin film deposition and physical masking techniques has been
used for the parallel synthesis of spatially addressable libraries of solid-state materials.
Arrays containing different combinations, stoichiometries, and deposition sequences
of BaCO,, Bi,0O,, Ca0, CuO, PbO, SrCO,, and Y,O, were generated with a series of
binary masks. The arrays were sintered and BiSrCaCuO and YBaCuO superconducting
films were identified. Samples as small as 200 micrometers by 200 micrometers in size
were generated, corresponding to library densities of 10,000 sites per square inch. The
ability to generate and screen combinatorial libraries of solid-state compounds, when
coupled with theory and empirical observations, may significantly increase the rate at
which novel electronic, magnetic, and optical materials are discovered and theoretical
predictions tested.

(8,16)

R Ll

(1,1) ™M1

==

Fig. 1. Binary masks used for library synthesis.
The numbers at the lower left and upper right
corners of mask M1 indicate its orientation with
respect to the coordinates of the library members;
the other masks were similarly oriented.

M7

1738
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Earlier papers (<1960!) exist
but did not have the same impact

SCIENCE -«

VOL. 268

23 JUNE 1995

Fig. 3. A 128-member bi-
nary library prior to sinter-
ing. Each site is 1 mmby 2
mm; the color of each is
the natural color of reflect-
ed light from a white light
source. The library was
deposited according to
the sequence 1, Bi, MO
(no secondary mask); 2,
Bi, M1; 3, Cu, MO; 4, Cu,
M2; 5, Cu, M3; 6, Sr, MO;
7, Sr, M5; 8, Ca, M6; 9,
Cu, M4; 10, Ca, M7 (9).
The molar stoichiometry
for each layer was 1:1 rel-
ative to Bi (which was de-
posited as a 300 A layer),
with the exception of
steps 3 and 5 in which the
Cu:Bi ratio was 0.5:1.
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Combinatorial Materials Science

Process flow

Define target

|

\ Design of the materials library

!

Fabrication of the materials library

M- -

l ° Discovery, lead Optimiz Proto-
Characterization of the materials library composition ation type

!

New lead material
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Synthesis of complete binary and ternary
thin film materials libraries by magnetron sputtering

Establish

Composition-Structure-Property Correlation Maps
Trendlines: Property = f(composition)
Hits: compositions with unique properties

Composition: automated Energy Dispersive X-ray analysis (EDX)
- over-night measurements (90-120 s/point — # of points 301)
- spacing in x-, y- direction 4.5 mm

Property |
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R. Lébel, A. Savan, S. Thienhaus, A. Ludwig (2008), Combinatoria! fabrication and high-throughput characterization of a Ti-Ni-Cu shape B

memory thin film composition spread, Materials Science and Engineering A 481-482, 151-155.

Fabricate High-throughput

materials library characterization

Fundamental Aspects of Materials Science and Engineering S Thienhaus, S. Hamann, A. Ludwig (2011), Modular high-throughput test-stand for 8
P [Brlng. 4. (Luetity | lieierels Discover; e Inzmiasss versatile screening of thin-film materials libraries, Sci. Technol. Adv. Mater. 12 054206
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Combinatorial and high-throughput methods for materials discovery

High-throughput Characterization for
the creation of Multifunctional Existence Diagrams

Generation of multidimensional datasets by high-throughput characterization of materials libraries
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P. Decker, D. Naujoks, D. Langenkaemper, C. Somsen, A. Ludwig
Fundamental Aspects of Materials Science and Engineering (2017) High-throughput structural and functional characterization of
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Combinatorial and high-throughput methods for the investigation of novel materials

Combinatorial materials science approach

High-throughput

computational > 40 elements available

materials 21 sputter sources
science S 1 evaporation source
, Thin film deposition in 6 PVD systems
Information
from N
databases/ : * B ..
literature p

Data visualization Combinatorial

New software & analysis materials libraries

tools for high-
throughput
data analysis

High-throughput characterization

Consistent and
complete data-sets on Advantages of thin films
muItinary material - tgilorablg composition and gradients
- high purity
systems - tailorable micro/nanostructure
- fabrication of metastable materials
Fundamental Aspects of Materials Science and Engineering | - »artifical” materials (e.g. nanoscale multilayers) 10
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Combinatorial and high-throughput methods for materials discovery

RUB

Multifunctional materials Materials for Actuators

with reversible phase transformation(s) - Shape memory alloys (Ni-Ti-X-Y)
Discovery of new materials and effects - High temperature SMA (Ti-Ta-X)
Optimization of known materials systems, - Ferromagnetic SMA (Fe-Pd-X)

e.g. by nanostructuring Oxide shape memory materials (V-M-0,)

Combinatorial
and high-throughput methods

" Synthesis of thin film
materials libraries by
combinatorial magnetron sputtering

® High-throughput characterization
of thin film materials libraries

rials for Sensors, Protective Films

ocomposites (FeCo/TiN, Fe-B)
=O-N

aterials for Enerqy

- Hydrogen by solar water splitting
(W-Fe-Ti-O, Fe-Al-Cr-O, Cu-X-0, Bi(V-Mo-X)O,

- Hydrogen storage materials (Mg-X-Y)

" Visualization/Analysis of results - Fuel cell catalysts (Pt-X/support)
Composition- (multi)functional - Li-Battery materials (Li-M-O)

Processing- ’

Structure-g existence - New Permanen.t Magnets (Fe-Co-X)
diaerams - Superalloys (Ni-, Co-base)

Property & - Thermoelectrics (Heuslers, Ti-Ni-Si-Sn)

- Magnetocalorics (Co-Mn-Ge, Fe-Mn-P)
- “High-entropy” alloys (quinaries)

Correlation Maps‘
" Nanostructured antibacterial coatings

Prof. Dr.-Ing. A. Ludwig | | Foto: Nielinger
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Developing new materials using high-throughput experimentation

Synthesis of
Thin Film Materials Libraries

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Combinatorial and high-throughput methods for the investigation of novel materials

agnetron

I Wedge type multllayers



http://www.rub.de/wdm

RUHR-UNIVERSITAT BOCHUM
Combinatorial and high-throughput methods for the investigation of novel materials

Co-sputter deposition of multinary materials
libraries from up to 5 elemental targets

Handling of Li materials in inert Ar atmosphere

LT

7—» sition

-l

h (4§ | eposition
in Ar/O, or Ar/N,:

e oxides

* nitrides

e oxinitrides

Drawbacks:

* no complete material system
in one experiment

* limited gradients

Fundamental Aspects of Materials Science and Engineering 14
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Fabrication of Mixed Metal Oxide Thin Film
Materials Libraries with Non-parallel Gradients

* Sputtering Parameters:

Top

view
o Temperature 400°C

omposition o Pressure 10 mTorr
gradient o Ar flow 30 sccm
o O, flow 90 sccm
o Power 70-400 W
o Targets Fe, W
SPP 1 61 3 R. Meyer, K. Sliozberg, C. Khare, W. Schuhmann, A. Ludwig High-Troughput screening of thin film

semiconductor materials libraries Il: Composition, crystallinity, morphology, thickness and
photocurrent density of Fe-W-O libraries, 2015 ChemSusChem

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Combinatorial and high-throughput methods for the investigation of novel materials

Sequential deposition of nanoscale wedge-type thin films
(multilavers)

.

[120°

| 120 °
\ rotation rotation
\ | binary C - B }
7 B E
. ‘ £
o
" B
10 - 30 nm Al
Fundamental Aspects of Materials Science and Enéi-r{éélzin-g- R 16
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Developing new materials using high-throughput experimentation

Fabrication and visualization of quaternary materials
libraries: Ti-Ni-X-Y continuous composition spreads

Il B B X

Results of automated EDX
- weekend measurement

(100 s/point — 1024 points)

- spacing in x-, y- direction: 2.25 mm

Au

986 3 2
;41

Fundamental Aspects of Materials Science and Engineering

Prof. Dr.-Ing. A, Lud_wi(t;.| Materials Discovery and Interfaces . .
[1] ,Production and visualization of quaternary combinatorial thin films” Chevrier V, Dahn JR., Meas Sci Techno 2006;17:1399
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Combinatorial and high-throughput methods for the investigation of novel materials
Exploring quinary composition space: ,,high entropy*
alloys, multiple principal element alloys

Co-sputter deposition of
multinary materials libraries
from up to 5 elemental targets

Visualization Of multidimensional data Z. Li, A. Ludwig, A. Savan, H. Springer, D. Raabe (2018) Combinatorial

metallurgical synthesis and processing of high-entropy alloys, accepted
by Journal of Materials Research
Fundamental Aspects of Materials Science and Engineering

Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Developing new materials using high-throughput experimentation

Combinatorial Processing

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Combinatorial and high-throughput methods for the investigation of novel materials

Next steps in combinatorial materials science:

n [ [ .
Combinatorial processing )
S B2-Ti, Ni., + Ti.Al ' 0
Establish o /AR A\
Composition-Processing-Structure- & B2-Tiuy(Ni, AU | %
Property Correlation Maps S S AATATAY G
Q‘o \é’ compositions . ////‘/,/ A\’, a2
& —— % L _
- SLLN N == K AR 7 5.0
From compositional o ror(il Y, %
700°C fee-Ni TiNi,~>| B2 Ti,Ni-> a-Ti-> 00 %
combinatorial material science s00c”0 10 20 30 40 50 60 70 80 90 100
. Ti (at. %)
to mlcrO/nanOStrUCture P. Buenconsejo, A. Ludwig (2014) Composition-Structure-Function

diagrams of Ti-Ni-Au thin film shape memory alloys, ACS Comb. Sci. 16, 678-685

combinatorial material science
using combinatorial/high-
throughput processing

Which material
(not only which composition and
crystal structure)
in which (nanostructured) form
gives best properties?

Fundamental Aspects of Materials Science and Engineering PP s
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces C. Khare, A. Ludwig et al., Int. J. of Hydrogen Energy (2013)
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Developing new materials using high-throughput experimentation

Combinatorial materials processing:
temperature

Deposition/Annealing at different temperatures

B = = .= = =
\o\° B2-TiyNi LAl o %"
X4 AVAVAVAVAVAVA A\ %
&) A JEETuN ALl K AN 2
Q
S FAVAVAN | 2
o Phase transforming . v/ AVARSR, 2
0 4.,
QCO & /| compositions /\ /-/?//’:', e Q.
BN e 700°C | S .
- i —K] =———-600'C NK—f g ——\ ¥,
Q ———=500°C _ Z, W/ 2 o
_ ¢ ~ ol O
b / TiNi,=> B2 TiNi Tl 2 %
o fce-Ni 1IN, 1L,INI -1 >
700°C % ©
/4 LI B I &= 0 & 0 21 B 0 =01 -
500°C” 0 10 20 30 40 50 60 70 80 90 100
1 0
Ti (at. %)
dx.doi.org/10.1021/c05000745 | ACS Comb. Sci. 2014, 16, 678—685
P. Buenconsejo, A. Ludwig (2014) Composition-Structure-Function
diagrams of Ti-Ni-Au thin film shape memory alloys, ACS Comb. Sci. 16, 678-685
Fundamental Aspects of Materials Science and Engineering 21
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Developing new materials using high-throughput experimentation

Combinatorial materials processing:
high-throughput oxidation study (Ni-Al-Cr)

Thin film phase diagram after annealing in air at 500°C for 9h
Ni,AlICrs

50 75 100 NI

D. Konig, C. Eberling, M. Kieschnick, S. Virtanen, A. Ludwig (2015)
Elrjc:‘dl?)rrnT:taL\Aﬁsg\?vtis l";ﬂ';"tztr‘i:::';i?:;f/:ce;]’(‘jdlrﬁ:g;’;eez”“g High-throughput investigation of the oxidation and phase constitution 2P
c ek R v thin film Ni-Al-Cr materials libraries. . Adv. Eng. Mat. 17. 1365-1373.
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Combinatorial and high-throughput methods for the investigation of novel materials

Morphology of Fe-W-O materials libraries

Fe-W-O materials libraries
&

T 111 vl VvV | O M1
Wo3 I:l W504,4 ' amorphous ! Fep0gW | @ ML2
I 7Y ! ! A ML3
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i A BA
& s
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| 5 processing
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I ) ! l..’ 'y 1
Q‘ § ) “r

iy R. Meyer, K. Sliozberg, C. Khare,
W. Schuhmann, A. Ludwig High-

{ II: Composition, crystallinity,

morphology, thickness and

photocurrent density of Fe-W-O
e AT libraries, 2015 ChemSusChem

§ S 38
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Developing new materials using high-throughput experimentation

Step heater: Composition — morphology
variations (structure zone diagrams)

Ceramic housing

200°C : 400°C »o 600°C 800°C 1000°C

Substrate stripe

Thermocouple _%—@% —_ NP
AN\ A XN
Ceramic heater element %% __%— = - -
Combinatorial deposition of 6 "%e,p
(quasi)binary composition spread '°‘*Sa,e

materials libraries at 6 different temperatures
up to 1000°C

Controlled variation of composition
and thin film morphology

Examples system: Cu,O (cuprite) — Cu-O-based p-type materials

H. Stein Naujoks, D. Groch a, C. Khare, R. Gutkowski, S. Griitzke, W. Schuhmann and A. Ludwig (2015) A structure zone diagram obtained by

simultaneous deposition on a novel step heater: a case study for Cu,O thin films. Physica Status Solidi A, 212, 2798-2804
Fundamental Aspects of Materials Science and Engineering
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Combinatorial and high-throughput methods for the investigation of novel materials

Combinatorial materials processing:
MEMS Tools for high-throughput experimentati

ey the JOURNAL OF COMBINATORIAL CHEMISTRY
OCTOBER 2012+ VOL. 14 NO. 10 pubs.acs.org/acscombsel

ACS . ;
Combinatorial
r%Ienc:e

[Ti(OPri)]

=

EOS SiO,

Controlled quenching of metastable phases
In situ measurement of crystallization and martensitic

i il ¥
600°C s655@ ¥ . V¥ 525°C 2m

phase transformation (e.g.: Ni-Ti-Cu)

Microgradient-Heaters: (@) 35fgee” — heating _ ] ® 474 M,y -
micro/nanostructure libraries W‘W K
'g 30t ! | -g 17.0+
E Ramp rate: 1.67 Kis " ‘Sé 16.8]
£ 25l s
g (e cooling
St I =3
= = 166¢
20}
Martensitic
15 1 i 1 m 16.4 -trans'.olrma?lon L i M’T! ; At 1
300 400 500 600 700 800 900 260 280 300 320 340 360
T [K] T [K]

S. Hamann, M. Ehmann, S. Thienhaus, A. Savan, A. Ludwig (2008), Micro-hotplates for high-

Fundamental Aspects of Materials Science anghEsgin@iinahin film processing and in situ phase transformation characterization, 25
Prof. Dr.-Ing. A. Ludwig | Materials Discovery an%gwg €884 Actuators A. 147. 576 - 582
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Accelerated atomic-scale exploration of phase evolution in compositionally complex alloys

Combinatorial processing platforms for accelerated

phase evolution in CCAs

Fast synthesis of nc thin films  Fast annealing / oxidation

Direct atomic-scale analysis

APT
(chemical analysis)

20 nm 10210 nm

(Combinatorial deposition) (rapid phase evolution)
5 targets, rotated substrate 400
MnCrFeCoNi, Cantor alloy 1h
s’
°_ 300 1h ]
o
3 1h [
D 200
S 1h
5
= 100
25 L.«-J L.u
S; S, S3

. CPP

36 identical atomic-
scale-mixed films

(Com binatorfal Processﬂ'ng PIatfor"rﬁ)

TEM
(crystal structure)

Err el A o6 el Serer sne e Y. J. Li, A. Savan, A. Kostka, H. S. Stein, A. Ludwig (2018) Accelerated atomic-
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces scale exploration of phase evolution in compositionally complex materials, 2 6

Materials Horizons 5, 86

-92
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Developing new materials using high-throughput experimentation

High-Throughput Characterization

of
Materials Libraries

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Synthesis and Screening of Thin Film Materials Libraries

High-throughput characterization of materials libraries

Screening should be: automated, quick, quantitative, non-destructing

Parallel and sequential screening

Parallel screenin e.g.: Mg-Ti composition spread on g

Tiin at%

lass, hydrogenation: Ar / 5%H,, RT, 1 bar
P i / . 3

- Optical properties

ba e
S £
\
: N\ |

fron
horizo

(e.g. for chemical reactions)
- Si Cantilever libraries
(SMA, stress, H,, Li, ...)

it

Mg in at%

XANNNNRY WRARRPMNNZAZIATONO A

®®

000

026
051
077
102
128
153
179
| 204
230
255

eQeRR
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Materials informatics for high-throughput data

Clustering Factorization Reasoning
Clustering by Splitting XRD Comparing Human pattern
»Similarity” patterns into automatic fits to recognition
components reference data (& analysis)
(factors)

HS Stein, S Jiao, A Ludwig

ACS combinatorial science 19 (1), 1-8

10000 T T T T T T
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I~ Literature A
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Synthesis and Screening of Thin Film Materials Libraries

High-throughput characterization of materials libraries

Automated wafer mapping systems

- thin film composition (EDX)
- thin film structure (X-Ray Diffraction)
- thin film thickness (profilometer, DHM)

- phases and phase changes
(resistivity vs. temperature )

Compositional analysis L
by RBS & NRA on Beam Analysis

RBS (Rutherford Backscattering Spectrometry)

Backscattered ions with
E=E(1)<E(0)

Incoming ion beam E(0)

NRA (Nuclear Reaction Analysis)

Gamma rays from nuclear
reaction of N-15 with H

O-, N-mapping: Combi-RBS i
H-, B-, Li-mapping: Combi-NRA
@RUBION, RUB, Bochum gineering
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High-throughput characterization of materials libraries:
Definition of adequate screening parameters

At least one adequate screening parameter needs to be identified
The design of the materials library has to enable the high-

throughput characterization of one or more screening
parameters

thermoelectrics —> Seebeck coefficient

magnetocalorics —> Temperatur change AT on magnetization change
Solar water

splitting — > photocurrent

materials

Fundamental Aspects of Materials Science and Engineering 31
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Combinatorial and high-throughput methods for the investigation of novel materials

Resistivity screening as a discovery tool for
phases and phase tranformations

4-point probe

035 | ] -

0% : SRR 1

o
. °
0.25 |- : : $ Tl % _
. ). °
°
°

020} : e %

Resistance (Ohm)
e

o

015 | Jeo| e -
0.10 f HNK: E -
. ol 4 .

A B s
oos| o | g ;

2 o oo 1 1 : 1 : L : 1 1
Au content (1%} 20 30 40 50 60 70 80 9 100
Ni conc. (at.%)

P

A B A B A SB.Thienhaus, D. Naujoks, J. Pfetzing-Micklich, D. Kénig, A. Ludwig (2014) Rapid Identification of Areas of

Interest in Thin Film Materials Libraries by Combining Electrical, Optical, X-ray Diffraction, and Mechanical

Fundamental Aspscts of Materlals Sclence and EnglneerlngHigh—Throughput Measurements: A Case Study for the System Ni-Al, ACS Comb. Sci. 16, 686 32
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Developing new materials using high-throughput experimentation

. Combinatorial
& analysis materials libraries

High-throughput characterization

Searching new phases

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Developing new materials using high-throughput experimentation

Shape Memory Alloys

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces



High-throughput characterization of materials libraries: R(T)
Screenlng of phases, phase transformations, magnetism
L T —

0 mB2—B19  heating
100 B2—=B19 (—B19') cooling
10 90 ' B2— R-phase—B193°C
B2— R-phase
20 30 ™ Ti_(Ni,Cu),
30 1 Ti-rich compositions  9°C
N\ 70 )
N /
a 060 0 Neo %/
.\\ 50 - 50 ta 100 120 140
< 60 ‘o
T ! 40 o -
(‘e 30 ]
B0, BTPF - -
%0 10 |
o0 0 |
O 10 20 30 40_50 60 70 80 90 100 :
Ti (at. %) ® e
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Combinatorial and high-throughput methods for the investigation of novel materials

Exemplaric results for intermetallic systems:
Theory verfication for quaternary shape memory aqlég%s

Ti-Ni-Cu-Pd composition spread
prediction of “zero hysteresis” by R.D. James

* fabricated using wedge-type thin film approach
for ternary alloy systems (Ni-Pd-Cu)

+ additional homogenous deposition of Ti layers =
in situ heating for alloy formation at 500°C/ 1 h in

7 2]
vacuum 73
Ni?Q]YO s DALY, 4 - 3’5-. 4 ’,f’ O
50
0 56 810 12 15 pra 20 25 30 35

4

Fun
Prof
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Combinatorial and high-throughput methods for the investigation of novel materials

Exemplaric results for intermetallic systems:
Quaternary shape memory alloys

0.410 9 — i ..M. C4. . Pé .
healt.lng 50.0 "'36.0 7115 25 ) Thermal hysteresis AT
T coolin i i o 15
0.405 — 9 T'so.oles.ocuﬁ.spds.s 0°C 35
- - 8
| Tigo oNi,, sCuy, 5P, l 16
0.400 — o
24
gty | 32
> 0.395 4 =i
© d w0
@ 0.390 — /
CC) i _/ 56
64
MM 0.385 — B
-t 72
D = — 80 50
@D 0.380 0 5 10 15 20 25 30 35
o H H 0
g Ti Ni,, Cu  _Pd, Pd (at.%)
& T|50.0N|33.0CU11.5Pd5.5
0.370 — i i
T|50.0NI32.5CU11.0Pd6.5
0.365 — TI50.0N'31.scuﬂ.o':)(j?.s
T ¥ T ¥ T ¥ T ¥ T ¥ T ' T ¥ T
-20 0 20 40 60 80 100 120 « p . .
Vanishing hysteresis
Temperature (°C -
P e in SMA
Prof. Dr.-Ing. A. Ludwig | www.rub.de/wdm | R. Zarnetta, R. Takahash, V. Srivastava, M. L. Young, A. Savan, Y. Furuya, S. Thienhaus, B. MaaR, M. Rahim, J.
Frenzel, H. Brunken, Y. S. Chu, R. D. James, |. Takeuchi, G. Eggeler, A. Ludwig (2010), Identification of quaternary shape memory alloys with “zero” thermal
hysteresis and unprecedented functional stability, Advanced Functional Materials, 20, 1917 — 1923.
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Discovery and optimization of nanostructured functional materials

Si-cantilever arrays for high-throughput

stress measurements (phase transformations)
|

Shape memory effect
Martensitic transformation:

Change of stress state between

austenite and martensite

Substrate

thin film

Temperature 1

Temperature 2

Fundamental Aspects of Materials Science and Er

Is

cycle number N (-)

() ——— (b) (c)
£ — e —————
/ﬁ Ni HI,, ,\:; —Ti, NI, i, i,
—— T —" TN b
& ‘; - “/ ] TNHL, & .,.N.:
= ‘7j_;',:"./ /[\‘ T \ag—::::%. i, N HE, = 'v,N'.
Sl /1. T —— Ty NIH, 8 1,Ni,
A PR, g = | — T NI, o NI,
== =/ — TN, 1N
e e 5 ; TUNHL, "N
% 77— S i / —] Ve 'n = 2N
/1 — i NLHL, B WNi,,
il ! —:7// — Ti, NI M ,,Ni,
=7 n R Sy, LNHE 1N,
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- o — Ti NI HI,, 1N,
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Fig. 6. a(7) curves of Ti-Ni- HI thin films with nominal compositions of (a and b) Tisy  NigoHf, and (¢ and d) Tisz s (Nigz sHIE . first thermal cycle.
490
480
470 . .
. D. Koenig, A. Ludwig, et al.
450 Acta Mat 59 (2011) 3267-3275
440
430
420
410
5 10 15 20 25

Hydrogen

A. Ludwig, J. Cao, J. Brugger, I. Takeuchi (200
gineeringS. Hamann, M. Ehmann, S. Thienhaus, A. Sava

Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Intg
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electrolyte

5), Meas. Sci. Technol. 16, 111-118
, A. Ludwig (2008), Sensors and Actuators A, 147, 57

R. Zarnetta, M. Ehmann, A. Savan, A. Ludwig (2010), Smart Materials and Structures 19, 065032



RUHR-UNIVERSITAT BOCHUM
Developing new materials using high-throughput experimentation

Thermoelectrics

Fundamental Aspects of Materials Science and Engineering
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Combinatorial materials research for novel intermetallic alloy systems

High-throughput characterization of
Seebeck coefficient

100
@DLR Kéln

P. Ziolkowski, Seebeck coeff. (uVK™)
E. Muller 60

-55
-50
-45
-40
-35
-30
-25
-20
-15
-10
-5
0

5

Tiin at.%

. . i i M. Wambach, R. Stern, S. Bhattacharya, P. Ziolkowski, E. Miller, G.K.H. Madsen, A. Ludwig,
Fundamental AsPeCt's of Mat?"als_sc'ence and Engineering Unraveling Self-Doping Effects in Thermoelectric TiNiSn Half-Heusler Alloys by combined Theory and
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Combinatorial materials research for novel intermetallic alloy systems

High-throughput characterization of
thermoelectric power factor

0
100

power factor (uWWK?m™)

0
20
40
60
80
100
120
140
160
180

Ti (at.%)

. . i i M. Wambach, R. Stern, S. Bhattacharya, P. Ziolkowski, E. Miller, G.K.H. Madsen, A. Ludwig,
Fundamental Aspects of Materials Science and Engineering

Unraveling Self-Doping Effects in Thermoelectric TiNiSn Half-Heusler Alloys by combined Theory and
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Combinatorial materials research for novel intermetallic alloy systems

Thin film phase diagram of Ti-Ni-Sn

Sn (at.%) e single-phase region
0 4 two-phase region
100 = three-phase region
amorphous
25 N
75 TiNiSn
Ti,Sn,
o 50 TiSn,
TiNi,Sn TiNiSn,

Ni,Sn 75
Ti,Ni,Sn

100

Ni(@t%) o 25 50 TiNi 75 100 Ti (at.%)
TiNi, TiNi

. . i i M. Wambach, R. Stern, S. Bhattacharya, P. Ziolkowski, E. Miller, G.K.H. Madsen, A. Ludwig,
Fundamental ASpec'_:s of Matt_-,\rlals_Smence and Engineering Unraveling Self-Doping Effects in Thermoelectric TiNiSn Half-Heusler Alloys by combined Theory and
PrOf Dr'lng A LUdW'g | Materla|S DISCOVGI'y and |nterfaceS H|gh_Throughput Experiments’ Adv Electronic Mat 2016 42
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Superalloys

Fundamental Aspects of Materials Science and Engineering
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Combinatorial materials research for novel intermetallic alloy systems

Understanding of the influence of alloying elements

on phase stabilities in Ni- and Co-based superalloys

in ternary model systems (TCP phases)

» high-temperature processing of materials libraries (> 1000°C)

* identification of compositions showing particular phases / or properties

* high-throughput oxidation studies
Cr-Ni-Re, Co-Ti-W, Ni-Al-Cr, Co-Al-W, ...

* (Re) + CrRe,
(Re)

(Ni) + (Re)
CrRe,

120°

i . N‘ R
rotations (Ni) + (Re) + Cr Re,
»

® (Cr)+CrRe,
® (Ni)
(Cn
® (Ni)+CrRe,
* (Ni)+(Cr) * CrRe,
v (Ni) +(Cr)

Ar overpressure to lower
sublimation of elements like
Al, Mn at high temperatures

. SFB/Transregio 103
SUPERALLOY SINGLE CRYSTALS

A. Janghorban, J. Pfetzing-Micklich, J. Frenzel, A. Ludwig (2014), Investigation
of the thin film system Cr-Ni-Re by high-throughput experimentation, 44
Advanced Engineering Materials, Vol. 16, 588-593

0
-

0 10 20 30 40 50 60 70 80 90 100
Cr at. % Ni

Fundamental Aspects of Materials Science and Engineering
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A new phase in Co-Ti-W?

Substrate:
Al,O,
Multilayer
deposition
> at 300°C
W Resistance (Ohm)
Resistance at RT - numbers 0.10
0.17 Heat
100000 1 0.24
0.32 treatment
80000 “ 039 o
g oss  950°C, 40h
’:":\ 60000 § 053 .
s : g0 in vacuum
G Mr ° 0.68
e S 0.75
20000 082
0r 7 7 7 0
. . Flat , 0 25 50 75 100
40000 -20000 O 20000 40000 60000 80000 0.82 Ti (at.%)
X-Pos (a.u.)
Fundamental Aspects of Materials Science and Engineering MATEC Web of Conferences 14, 18002 (2014) 45
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Thin Film Combinatorial Materials Science for the Design of Materials

Upscaling of hits for thin film and bulk
applications

heat treatment

in arc melter

Fabrication of samples (< 70g) l

Thermo-mechanical
treatments

!

Device testing

Vacuum induction furnace (up to 5 kg)

Optimization of hit(s)
by combinatorial processing

Fundamental Aspects of Materials Science and Engineering
Prof2Bf.ingiry. budwigid WkintsvibldaNedmy érin sagpetataesith: Prof. Dr.-Ing. Gunther Eggeler, Dr.-Ing. Jan Frenzel SFB TR 1 03
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Combinatorial and high-throughput methods for materials discovery

New phase identified by cooperation between
,combi“, bulk, DFT, Calphad and TEM groups

. SFB/Transregio 103
. . SUPERALLOY SINGLE CRYSTALS

100

i
50

O

W (at. %) W (at. %)

Fig. 2. Isothermal section through the ternary Co-Ti-W system at 1000 °C calculated by
CALPHAD [9,12]. Green lines indicate two-phase fields, red lines enclose three-phase
fields. The p-phase (D85) appears only as a binary Co-W compound. (For interpreta-
tion of the references to colour in this figure, the reader is referred to the web version
of this article.)

Fig. 10. Modified phase diagram at 1000 °C of the Co-Ti-W system obtained from
CALPHAD calculations. The solubility of Ti in the p-phase is taken into account and
appears as ternary Co-Ti-W p-phase (D8s).

D. Naujoks, Y.M. Eggeler, P. Hallensleben, J. Frenzel, S.G. Fries, M. Palumbo, J. KoBmann, T. Hammerschmidt, J. Pfetzing-Micklich, G. Eggeler,
E. Spiecker, R. Drautz, A. Ludwig (2017) Identification of a ternary u-phase in the Co-Ti-W system — An advanced correlative thin film-bulk
combinatorial materials investigation, Acta Materialia 138, 100-110
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Materials for Solar Water Splitting

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Discovery and optimization of nanostructured functional materials

Concept of solar water splitting

semiconductor electrolyte counter
photoanode electrode

H,

<« e
E, 5
H,0

02 H,
- .
Transparentas
° ‘ leitendes Oxid
Q!
Licht
°
i
. Gagenalektrade
o
Kathade)
°
Transparentag
Fenster

Halbleiterslektrade

Elektrolyt
(Phatoanade)

Fritte
Polymermembran

UV UUPUPURUPPRPRI o || -Y-Y ¢ | |

Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces

4hv = 4e + 4ht (1)
4h* + ZHZO(quuid) > OZ(g) + 4H* (2)
4H* + 4e” > 2H,(g) (3)

4hv + ZHzo(quuid) > O2(g) + 2Hz(g) (4)

Important materials:
* photoanodes

* photocathodes
e catalysts for HER and OER

 transparent conductive oxides (TCOs)
tailored for photanode, photocathode
materials

PEC: photo-electrochemical
HER: hydrogen-evolution reaction
OER: oxygen-evolution reaction

SPP 1613 49
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Discovery and optimization of nanostructured functional materials

Semiconductors for solar water splitting

Conduction Band

. IDEAL Vacuum NHE
a4  SrTiog Cu0 pepus B
and IDEAL photo cathode N\
BaTiOg Single for tandem cell
= CdS Electrode 3.5 b— 10
o) / E° REDUCTION
82 2H* + 26— H2
) -45p— —0.0
b
% 55— e 1.0
: E® OXIDATION
.2 2Hp0 —» 02 + 44t 4o
-~
=}
h* 9 . %
¥ (=] \
Ay IDEAL
Photoanode Cathode n-type
photoanode
for tandem cell

-> Semiconductor band edges straddle

redox potential for water photoelectrolysis letios Band

* semiconductors with bandgaps between 1.6 and 2 eV

* right energy levels with respect to redox potential of water

* n-type photoanodes

* p-type photocathodes

* nanostructured surfaces decorated with catalyst nanoparticles

* stable for years under illumination in electrolyte
* candidates: oxides, oxynitrides = cheap, earth-abundant, stable, ...

Fundamental Aspects of Materials Science and Engineering M. Woodhouse, B.A. Parkinson, Chem. Soc. Rev., 2009, 38,197-210  §()
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Discovery and optimization of nanostructured functional materials

Combinatorial Materials Science for Solar Water Splitting

N Well-explored binary,
) mostly unknown multinary oxides
A0
+ .
B-O g TIOZ

x N9 :
L c.o . T—7>
A-B-C-O

Combinatorial Materials

Materials Selection

Visualization & Analysis

, Libraries /\
\ High-Throughput Analysis /
Wo,

» proof-of-principle experiments (WQO;)
* from known binaries (WO;, Fe,0;, TiO,)
to compositional complexity (W-Fe-Ti-O, Bi(V-Mo-X)O,)

Fe,0;

 from screening to in-depth characterization: - n'typ?_ WO
Fe-Cr-Al-O ) Bli_-vi_vlo_-w- 5
* stabilizing unstable materials: Cu-Si-Ti-O . _
p-type:
e  Cu-Si-Ti-O

* nanostructuring of solar water splitting materials

e towards systems

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Discovery and optimization of nanostructured functional materials

|

Open circuit potentia ) \
OCPshift iIIuminatio*(%“; \\\\ N\

Darkcurrent !
Photocurrent - |
Photocurrent spéctroscapy

Prof. Dr. W. Schuhmann,

3 Dr. K. Sliozberg
*vw\*““

Fundamental Aspects of Materials Science and Engineering K. Sliozb.erg, D. Schéfer, T. Erich.sen, R. I\/.Ieyc.ar, C. Kh.are, A. Ludwig, an.d W. .Schu.hmann52
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces (2015) High-throughput screening of thin film semiconductor materials libraries I:
System development and a case study for Ti-W-O ChemSusChem 8, 1270-1278
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Discovery and optimization of nanostructured functional materials

Thickness gradients of WO, _,

TiO,

WO3 Fe203

. Metal oxides by reactive
magnetron sputtering

*  Thickness gradient by sputtering
with tilted cathode

. Strong dependence of the
photocurrent on sputtering
pressure and film thickness

. Composition effects have to be
separated from thickness and
morphology effects

V.S. Vidyarthi, M. Hofmann, W. Schuhmann, A. Ludwig et al
Int. J. Hydrog. Energ. 36, 4724-4731, 2011

Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces
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Bias vs. Ag/AgCl: 1.0 V
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Discovery and optimization of nanostructured functional materials
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54

72

5
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3
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K. Sliozberg, D. Schifer, T. Erichsen, C. Khare, R. Meyer, A. Ludwig, W. Schuhmann (2015)High-throughput screening of thin-film

semiconductor materials libraries I: System development and case study for Ti-W-0O, Chem. Sus. Chem., Vol. 8, Issue 7, 1270-1278
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Discovery and optimization of nanostructured functional materials

Results of high-throughput characterization of
quasi-binary system Fe-W-O

Tio,
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Thickness map (Profilometry)
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equal deposition rates result in perpendicular gradients
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Sputter Parameters:

Temperature
Pressure

Ar flow

O, flow
Power
Targets

400°C

10 mTorr
30 sccm

90 sccm

70 -400 W
Fe, W
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Discovery and optimization of nanostructured functional materials

Crystal structure analysis of Fe-W-O
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Selected XRD peak intensity
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XRD diffraction patterns for Fe-W-0
materials library No. 3
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R. Meyer, K. Sliozberg, C. Khare, W. Schuhmann, A. Ludwig High-Troughput screening of thin film semiconductor materials libraries Il: Composition,
crystallinity, morphology, thickness and photocurrent density of Fe-W-O libraries, 2015 ChemSusChem 8, 1279-1285
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SPP 1613

Fe content / at.%

R. Meyer, K. Sliozberg, C. Khare, W. Schuhmann, A. Ludwig (2015), High-throughput screening of thin-film semiconductor
materials libraries Il: Characterization of Fe-W-O Libraries, ChemSusChem 8, 1279 — 1285
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Morphology of Fe-W-O materials libraries

Fe-W-O matenals Ilbraries
,(§ 'II T v
WO,

5014 amorphous ! Fe20eW
b A §§

at.% Fe thickness

rrent density (A/cm?)

380 41.1§
TN,

g.n «
«mll!l

R. Meyer, K. Sliozberg, C. Khare, W. Schuhmann, A. Ludwig High-Troughput screening of thin film semiconductor materials libraries ll: Composition,
crystallinity, morphology, thickness and photocurrent density of Fe-W-O libraries, 2015 ChemSusChem 8, 1279-1285
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Discovery and optimization of nanostructured functional materials

Compositional effects on solar water splitting

in Bi(V-Mo-X)O,, X: Ta, W, Nb
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R. Gutkowski, C. Khare, F. Conzuelo, Y.U. Kayran, A. Ludwig, W. Schuhmann (2017)
Unraveling compositional effects on the light-induced oxygen evolution in Bi(V-Mo-X)O, material libraries,

accepted by Energy & Environmental Science
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Developing new materials using high-throughput experimentation

Computational Materials Science,
Research Data Management

and
Materials Informatics
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Combinatorial and high-throughput methods for materials discovery

Materials discovery in a multidimensional search space:

Necessities for data-guided discoveries

Reduction of search-space to feasible size

* High-throughput computational screening of search spaces
e Theoretical predictions

Efficient in-depth characterization of discoveries

Fundamental Aspects of Materials Science and Engineering
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Developing new materials using high-throughput experimentation

Cooperation between computational and
experimental high-throughput experimentation

Theory/Simulation/Modelling Experiments
Suggestions Suggestions
Predicitions
Calculate reference data Measure reference data
Validation/Assessment of data
\ - Fefat%] TN
(a) 72 71 70 69 68 67 66 65
X . ; P y ; ' 2.3
g | el Fe-Pd-Cu {22 Materials Informatics
1 60 p OOCD. ’ 0 421
18- o & »las Databases
1 : = e . . .
e [ e e lts € Visualization
P b s r & 118 3, Data Minin
Faf_. . o BagWs . 153 &
12{ = "aEEgTg B ]
4—&,&‘;\ =L B ol \!-‘ 16
0] T TR LA TR 11
08+ 14
1 2 3 4 5 6 7 8 9
Cu [at.%]
S. Hamann et al. | Acta Materialia 58 (2010) 5949-5961
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Thin Film Combinatorial Materials Science for the Design of Materials

Data management in combinatorial and
high-throughput experiments

" Compositional data of multinary systems

(materials libraries, typically 342 measurement areas)

in different processing states (e.g. annealing temperatures)

" Data from crystallographic phase analysis using XRD A 'g“’iuz’}.
. i | o~ L
Data on mechanical properties .

(Young‘s modulus, hardness, stress)

" Data on functional properties

(electrical, magnetic, optical, catalytic, ...)

_ _ _ Research data management system
"  Data on multifunctional properties

(shape memory effect, magnetic shape memory, ... )

" Processing data

" Data on materials behavior in systems

(e.g. electrode in thin film battery)

Fundamental Aspects of Materials Science and Engineering 63
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Thin Film Combinatorial Materials Science for the Design of Materials
Research data management system

Sample lifecycle management (,digital twins®)

Project management
Digital lab-book

Document management

Adapted commercial software
(Compact DMS, ISAP AG, Herne)

. Synthesis - Process

Current project 3 X

4 [§ Project structure
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@| « EDX Rohdaten
[ Photo stand
[ SEM/TEM
4 [ Synchrotron DELTA
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% Correlation between plasma parameters and coating properties
M Metallic samples
[ 01. Project Documents
[ 02. Schedule
[ 03. Correspondence
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£ SFB-TR 87 Stress Measurements | Stress Measurements within cof
£ Stress Sensors | Development of Si-Cantilever Stress Sensors
[ Project Management
[ Workshops & Literature

< m >
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. Sample Project

Core Data
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Sample Description
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Creation Date
Material
Grid
Substrate Material
Composition Type
Project Name

Assistant

Sample Info
Storage
Sensttive
Protective Atmosphere
Shipped to

Shipped for

Bezeichnung Wert Einheit
duty cycle cathode 1 0.8 %
frequency cathode 1 200 Hz

Siress - HIPIMS 200 Hz - 05 Pa - ALCr-N Collection of data & meta data for each
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= . Standarghzed organization

Acr = Synthesis & processing

13 = Characterization results
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PSIM: Plasma-Surface-Interaction-Model

Lars Banko

Dario Grochla

no

Master data | Details | Viewer | Characteristics | Link | Workflow

= Magl-HiPIMS

Store tabular, image & meta data in HDF5-format
for each materials libraries

pre-processing of standard data

meta data e.g. description of machine parameters
inspect datasets (tables, simple graphs, images)
export pre-processed data

access data from analysis software (Python,
MATLAB, OriginLab)

publish & share HDF5 containers

table height 25 mm
Master data | Details

Viewer", Characteristics | Link | Workflo
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ACS Combinatorial Science, 19, 1-8
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Nanoparticle libraries by combinatorial
sputtering in ionic liquids (ILs) : Au-Cu

Au  Cu,
2.8nm +0,8

Cu / Au concentration (at. %)

. 20 nm |
Position number on wafer (=T

D. Konig, K. Richter, A. Siegel, A.-V. Mudring, A. Ludwig (2014), High-throughput Fabrication of Au-Cu Nanoparticle Libraries by Combinatorial
Sputtering in lonic Liquids, Advanced Functional Materials Vol. 24, Iss. 14, 2049-2056
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Combinatorial and high-throughput methods for the investigation of novel materials

,,High entropy“ alloy nanoparticle libraries:
C

TEM by Prof. C. Scheu,

Dr. A. Manzon,

A. Garzédn-Manjén, H. Meyer, D. Grochla, T. Loffler, W. Schuhmann, A. Ludwig, C. Scheu (2018) MPIE Dusseldorf

Controlling amorphous and crystalline state of multinary alloy nanoparticles in an ionic liquid, Nanomaterials 2018, 8, 903
Fundamental Aspects of Materials Science and Engineering
Prof. Dr.-Ing. A. Ludwig | Materials Discovery and Interfaces




RUHR-UNIVERSITAT BOCHUM
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Cr-Mn-Fe-Co-Ni nanoparticle libraries:
ORR catalysts

High entropy effect

'a

A,B,C,,.DE

wEx+m=y-z

, 800 700 600 500 400 300 200 100 O
Only different facet o R Additional configurational
active site motifs verpotential [mV] active site motifs

T. Loffler, H. Meyer, A. Savan, P. Wilde, A. Garzén Manjén, Y.-T. Chen, E. Ventosa, C. Scheu, A. Ludwig, W. Schuhmann
(2018) Discovery of a Multinary Noble Metal Free Oxygen Reduction Catalyst, Advanced Energy Materials1 802269
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Discovery of a multinary noble metal free oxygen
reduction catalyst: Strategy for evaluation of intrinsic
activity of multinary alloy NPs

o d) Il N €
catalytic activity
mgtastl:lrerrlmerltssl ': ut VR Y Ty extraction
suitable electrolyte solution ‘ 3
y \ ORR >S ORR of NPs
~ KOH

synthesis of NPs by combinatorial
co-sputtering into an ionic liquid
[Bmim][Tf2N]

Fundamental Aspects of Materials Science and Engineering
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, _ ionic liquid )
potential-assisted immobilization at an etched
carbon nanoelectrode utilizing nanoimpacts

T. Loffler, H. Meyer, A. Savan, P. Wilde, A. Garzén Manjén, Y.-T. Chen, E.
Ventosa, C. Scheu, A. Ludwig, W. Schuhmann (2018) Discovery of a
Multinary Noble Metal Free Oxygen Reduction Catalyst,

Advanced Energy Materials1 802269
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Combinatorial and high-throughput methods for the investigation of novel materials

,,High entropy“ alloy nanoparticle libraries:
Cr-Mn-Fe-Co-Ni

) Potential vs. RHE [mV] ) Potential vs. RHE [mV] ) Potential vs. RHE [mV] at -0.5 at normalized scale
- 0 200 400 600 800 i 500 600 700 800 100 200 300 400 500 600 700 800 900
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Systematic removal of each element from the quinary system yields a significant drop
in activity for all quaternary alloys, indicating the importance of the synergistic
combination of all 5 elements, likely due to formation of a single solid solution
phase with altered properties which enables overcoming limitations of single elements

T. Loffler, H. Meyer, A. Savan, P. Wilde, A. Garzdn Manjon, Y.-T. Chen, E. Ventosa, C. Scheu, A. Ludwig, W. Schuhmann
(2018) Discovery of a Multinary Noble Metal Free Oxygen Reduction Catalyst, Advanced Energy Materials1 802269
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g y & Cite This: ACS Energy Lett. 2019, 4, 1206—1214

~LETTERS §

http://pubs.acs.org/joumal/aelccp

Toward a Paradigm Shift in Electrocatalysis
Using Complex Solid Solution Nanoparticles

Tobias Loffler,'™ Alan Savan,” Alba Garzc’m-Manjén,§ Michael Meischein,” Christina Scheu,**'!

Alfred Ludwig,*’i and Wolfgang Schuhmann™"’

TAnalytical Chemistry — Center for Electrochemical Sciences (CES), Faculty of Chemistry and Biochemistry, Ruhr University
Bochum, Universititsstrafle 150, D-44780 Bochum, Germany

Institute for Materials, Faculty of Mechanical Engineering, Ruhr University Bochum, Universititsstrale 150, D-44780 Bochum,
Germany

$Max-Planck-Institut fiir Eisenforschung GmbH, Max-Planck-Strale 1, D-40237 Diisseldorf, Germany
IMaterials Analytics, RWTH Aachen University, Kopernikusstralle 10, 52074 Aachen, Germany

ABSTRACT: Complex solid solution (CSS) nanoparticles were
recently discovered as efficient electrocatalysts for a variety of
reactions. As one of many advantages, they exhibit the potential to
replace noble-metal catalysts with multinary combinations of
transition metals because they offer formation of new unique and
tailorable active sites of multiple elements located next to each other.
This Perspective reports on the current state and on challenges of
the (combinatorial) synthesis of multinary nanoparticles and
advanced electron microscopy characterization techniques for
revealing structure—activity correlations on an atomic scale. We
discuss what distinguishes this material class from common catalysts
to highlight their potential to act as electrocatalysts and rationalize
their nontypical electrochemical behavior. We provide an overview
about challenges in synthesis, characterization, and electrochemical evaluation and propose guidelines for future design of
CSS catalysts to achieve further progress in this research field, which is still in its infancy.

_JALLD4dSddqg
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Summary and Outlook
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A. Ludwig (2019) Discovery of new materials using combinatorial
synthesis and high-throughput characterization of thin-film materials
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Further lectures (Master)

Thin films and high-throughput methods
in materials science (winter term)

MEMS and Nanotechnology (summer term)
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Questions

(1) What is the aim of combinatorial materials science?

(2) Name and explain the four typical work steps of combinatorial materials science

(3) What is a materials library? Explain the fabrication process.

(4) Explain the high-throughput characterization of materials libraries with respect
to chemical composition and phases being present in the library?

(5) Give two examples for functional materials screening parameters.

(6) Which screening method is suitable for the high-throughput characterization of
reversible phase transformations?

(7) What is the idea of a composition-processing-structure-property correlation
map?

(8) How can nanoparticle libraries be produced?
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