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Outline
• Fuel cells and the oxygen reduction reaction 
• Catalytic descriptor 
• High entropy alloys - what are they? 
• Linear bonding model for OH 
• Optimization of catalysis through alloy composition
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Proton exchange membrane (PEM) fuel cell
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The difficult part: 
oxygen reduction  
reaction (ORR)



Oxygen reduction reaction - activity descriptor
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I. E. L. Stephens, A. S. Bondarenko, U. 
Grønbjerg, J. Rossmeisl, and I. Chorkendorff, 
Energy Environ. Sci., 5, 6744 (2012)

Best material: OH 
binding should be 
0.1 eV weaker 
than on Pt

”Descriptor”:  
OH binding energy



We need something different from platinum.
• Platinum use in cars: 

• Used in a catalytic converter: 5g 
platinum per car 

• Yearly production of cars: 80 million  
-> 400 tons of platinum 

• More is needed for fuel cells!
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Platinum reserves in the World ~69000 tons



High-entropy alloys
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Multi-element alloys dominated by entropy -> lattice disorder

Example: CoCrFeMnNi

⌦ =
Tm�Smix

|�Hmix|
� 1.1

<latexit sha1_base64="s9qSR4NV7ZNho/Xf3W97VIrtOK8=">AAACK3icbVDLSsNAFJ34rPVVdelmsAiuSlIFBRFEXbizYquFpoTJ9KYdnEnCzEQsaT7GD/A73CquFLf+h9M2m7YeGDicc4Z77/FjzpS27S9rbn5hcWm5sFJcXVvf2Cxtbd+rKJEUGjTikWz6RAFnITQ00xyasQQifA4P/uPl0H94AqlYFNZ1P4a2IN2QBYwSbSSvdOreCOgSfIbdQBKa1j2B3SvgmuA7LxXsOcvSQS5cj4VB5nYBOxXHK5Xtij0CniVOTsooR80rfbmdiCYCQk05Uarl2LFup0RqRjlkRTdREBP6SLqQjk7L8L6ROjiIpHmhxiN1IkeEUn3hm6QguqemvaH4n9dKdHDSTlkYJxpCOh4UJBzrCA97wh0mgWreN4RQycyGmPaIqUibNiem+CIrFk0XzvTls+S+WnEOK9Xbo/L5Rd5KAe2iPXSAHHSMztE1qqEGougFvaF39GG9Wp/Wt/Uzjs5Z+Z8dNAHr9w/0pKbJ</latexit>

Here: IrPdPtRhRu

Many different bonding 
configurations at the 
surface



High-entropy alloys
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Multi-element alloys dominated by entropy -> lattice disorder

Example: CoCrFeMnNi

⌦ =
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<latexit sha1_base64="s9qSR4NV7ZNho/Xf3W97VIrtOK8=">AAACK3icbVDLSsNAFJ34rPVVdelmsAiuSlIFBRFEXbizYquFpoTJ9KYdnEnCzEQsaT7GD/A73CquFLf+h9M2m7YeGDicc4Z77/FjzpS27S9rbn5hcWm5sFJcXVvf2Cxtbd+rKJEUGjTikWz6RAFnITQ00xyasQQifA4P/uPl0H94AqlYFNZ1P4a2IN2QBYwSbSSvdOreCOgSfIbdQBKa1j2B3SvgmuA7LxXsOcvSQS5cj4VB5nYBOxXHK5Xtij0CniVOTsooR80rfbmdiCYCQk05Uarl2LFup0RqRjlkRTdREBP6SLqQjk7L8L6ROjiIpHmhxiN1IkeEUn3hm6QguqemvaH4n9dKdHDSTlkYJxpCOh4UJBzrCA97wh0mgWreN4RQycyGmPaIqUibNiem+CIrFk0XzvTls+S+WnEOK9Xbo/L5Rd5KAe2iPXSAHHSMztE1qqEGougFvaF39GG9Wp/Wt/Uzjs5Z+Z8dNAHr9w/0pKbJ</latexit>
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IrPdPtRhRu 
8-atom unit cells



Binding energies of OH for small unit cells
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871 2x2 periodic  
unit cells

Nearest neighbor  
metal atom

Batchelor, Pedersen, Winther, Castelli, 
Jacobsen, Rossmeisl, Joule,3, 834 (2019).



Linear model for OH binding energy
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Simple linear model of binding

High Entropy Alloy: RuIrRhPtPd
Training: DFT on 871 
small unit cells

Batchelor, Pedersen, Winther, Castelli, Jacobsen, Rossmeisl, Joule,3, 834 (2019).

15 parameters



Linear model for OH binding energy
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Nearest neighbor 
metal atomTraining on 871 2x2 unit cells Predictions for all 2x2 unit cells

Optimal value ~1.1 eV



Test on larger unit cells
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Batchelor, Pedersen, Winther, Castelli, Jacobsen, Rossmeisl, Joule,3, 834 (2019).

Training set RMSD ~ 0.05 eV 
Test on 36 3x4 unit cells 
RMSD ~ 0.06 eV



Model of catalytic activity
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APt = 0.021
<latexit sha1_base64="Rft9p6wGI/Ezrcr1Hn/9lzk0Lwg=">AAACBXicbVDLSgMxFM3UVx1fo+LKTbAIrspMFXQjVN24rGAf0JYhk6ZtaDIzJHfEMsza73CruBO3fkf/xrSdTVsPhBzOOeHenCAWXIPrTqzC2vrG5lZx297Z3ds/cA6PGjpKFGV1GolItQKimeAhqwMHwVqxYkQGgjWD0cPUb74wpXkUPsM4Zl1JBiHvc0rASL5zcud3gL2CkmkNMnyL3bJb8XynZO4Z8CrxclJCOWq+M+n0IppIFgIVROu258bQTYkCTgXL7E6iWUzoiAxYOls6w+dG6uF+pMwJAc/UhRyRWo9lYJKSwFAve1PxP6+dQP+mm/IwToCFdD6onwgMEZ42gHtcMQpibAihipsNMR0SRSiYnhamBDKzbdOFt/zzVdKolL3LcuXpqlS9z1spolN0hi6Qh65RFT2iGqojilL0jj7Qp/VmfVnf1s88WrDyN8doAdbvH7mzlqw=</latexit>

Frequency of binding configuration



Optimization of activity
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Model for activity:

Ru0.2Ir0.2Rh0.2Pt0.2Pd0.2

APt = 0.021

Best HEA: 
(fRu, fIr, fRh, fPt, fPd) = 
 (0.29, 0.10, 0.20, 0.09, 0.32) 

Global maximum of activity 
Pt0.825Ir0.175 

Stable alloy with low surface 
segregation energy

Local maximum 
Pd0.82Ru0.18 
but unstable alloy



High entropy alloys:  
a new playground for catalysis
• High entropy alloys disordered due to 

high entropy 
• Large variety of bonding sites at surfaces 
• Some of these sites could be optimal for 

the oxygen reduction reaction 
• The frequency of sites can be controlled 

by bulk composition 

• Question: How much does local order 
affect the properties?

!14

Thanks to 

University of Copenhagen: 
Thomas A.A. Batchelor 
Jack K. Pedersen 
Simon H. Winther 
Jan Rossmeisl 

DTU: 
Ivano E. Castelli 

Batchelor, Pedersen, Winther, Castelli, Jacobsen, Rossmeisl, Joule,3, 834 (2019).


