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Haber-Bosch
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Fritz Haber 1909
Nobel prize 1918 

Carl Bosch 1910
Nobel prize 1931 

Alwin Mittasch
After ~20.000 experiments
Fe3O4, K2O, CaO, Al2O3, SiO2

Gerhard Ertl
Nobel prize 2007



Fuel cell

William R. Grove

1838

Gas-battery



Discovery - From consequences to course

Material, surface

Catalytic Properties



Screening 
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Complex‐Solid‐Solution Electrocatalyst Discovery by Computational 
Prediction and High‐Throughput Experimentation
Batchelor, Löffler, Xiao, Krysiak, Strotkötter, Pedersen, Clausen, Savan, Li, 
Schuhmann, Rossmeisl, Ludwig, Angewandte Chemie Int. Edt 2021



How many experiments are needed? Exploration/exploitation 
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Bayesian Optimization of High-Entropy Alloy Compositions for 
Electrocatalytic Oxygen Reduction
Pedersen, Clausen, Krysiak, Xiao, Batchelor, Löffler, Mints, Banko, Arenz, 
Savan, Schuhmann, Ludwig, Rossmeisl Angewandte Chemie Int. Edt 2021 
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Bayesian optimization of high-entropy alloy compositions



Exploring the Composition Space of High-Entropy Alloy Nanoparticles for 
the Electrocatalytic H2/CO Oxidation with Bayesian Optimization
Mints, Pedersen, Bagger, Quinson, Anker, Jensen, Rossmeisl and Arenz 
ACS catalysis 2022
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V Mints, JK Pedersen, GKH Wiberg, J Rossmeisl, M. Arenz submitted 2023
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Screening 
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Activity

Pt Pd Ru Ir Ag Au



Model for Catalytic Activity
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Model for Catalytic Activity
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Model for Catalytic Activity
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Model for Catalytic Activity
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Bandarenka, Hansen, Rossmeisl, Stephens, PCCP. 2014



Ensemble and Ligand effect 



Which are the important atoms for 
the ligand effect?

CHEAC
Dias 
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C.M. Clausen, T.A.A. Batchelor, J.K. Pedersen and J.Rossmeisl, Advanced Science 2021
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Improving the model: Which atoms matter?

Particularly strong ligand effect from 3rd atomic layer

C.M. Clausen, T.A.A. Batchelor, J.K. Pedersen and J.Rossmeisl, Advanced Science 2021



Design criteria and tunable material
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From ”calculating properties of materials” 

to ”calculate materials of properties” 
                                

Design criteriaTunable materials

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑎 න𝐷 ∆𝐸 𝐴 ∆𝐸 𝑑∆𝐸



2604.08.2022

Ag

Pd

Ru

Learn a theoretical model from experiments

A Flexible Theory for Catalysis: Learning Alkaline Oxygen Reduction on 

Complex Solid Solutions within the Ag− Pd− Pt− Ru Composition Space

Clausen, Banko, Krysiak, Pedersen, Schuhmann, Ludwig, Rossmeisl 
Angewandte (2023) 
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Experiments
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Theory-derived model



Design criteria and tunable material
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From ”calculating properties of materials” 

to ”calculate materials of properties” 
                                

Design criteriaTunable materials

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑎 න𝐷 ∆𝐸 𝐴 ∆𝐸 𝑑∆𝐸
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False negatives 
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Experiments 1 Experiments 2Theory

V Mints, JK Pedersen, GKH Wiberg, J Rossmeisl, M. Arenz submitted 2023
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Interaction between water and HO*
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With water

No water



*OH and *H2O coadsorption

21/06/2023
3
5

Side view

Top view

Which atoms form bonds?



*OH and *H2O coadsorption
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Side view

Top view
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Δ𝐸∗(𝑂𝐻−𝐻2𝑂)

Δ𝐸𝑂𝐻,𝑝𝑜𝑠1 Δ𝐸𝑂𝐻,𝑝𝑜𝑠2

Abstraction

Actual adsorption

Descriptors

Adsorbate Resonance Induces Water-Metal Bonds in 
Electrochemical Interfaces
Nygaard, Nielsen, Rossmeisl 
Angewandte Chemie (2024)
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𝜟𝑬𝑶𝑯,𝒑𝒐𝒔𝟐

𝜟𝑬∗(𝑶𝑯−𝑯𝟐𝑶)

𝜟𝑬𝑶𝑯,𝒑𝒐𝒔𝟏

MAE: 0.083eV
R2: 0.91
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Adsorbate Resonance
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*(NH3-OH) Resonance

Top view

Side view

*(NH2-H2O) Resonance



Summary 

It is not just a new class of materials 

it is a new approach to catalysis

41

A platform for discovering catalysis 

and catalysts

Ir



Three Reasons for High Entropy Materials

• An efficient platform to discover new catalyst materials

• Learning design criteria and falsify hypothesizes

• Revealing fundamental understanding previously buried in the mean field 
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