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Outline

= What are functional materials?
= Parallels between drug and heterogeneous catalyst discovery
= Materials as catalysts: How do materials facilitate chemical reactions?

= Descriptor versus dynamic approaches
» Descriptors in surface science
« Dynamic approaches in surface science

= MLIPs: Where do we stand?
= How to sample fragments on a surfaces?

GOAL: Motivate and empower you to generate and explore data!
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What are functional materials?

@& ChatGPT
Functional materials are materials that have specific properties and functions beyond just their structural or
mechanical uses. They are designed to respond to external stimuli—such as temperature, electric or

magnetic fields, light, or chemical environments—in predictable and useful ways.

Key Features:

e Responsive: They change their properties in response to external conditions.

e Active Role: Unlike passive structural materials, functional materials are active participants in a system's

performance.

Piezoelectric Materials
Ferro/Thermoelectric Materials
Shape Memory Alloys (SMAS)
Electrochromic Materials
Photovoltaic Materials
Heterogeneous Catalysts
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WWhy do we care?
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=PFL  Parallels between drug and heterogeneous
catalyst discovery

Data driven discovery - Data driven discovery
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Data driven discovery - Data driven discovery
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Data driven discovery - Data driven discovery
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Heterogeneous Catalysis

nanoparticle surface ™

catalyst catalgst loaded
nanoparticle pellet reactor bed

reactor

1 nm ~10 pm A0 Al S
h : sintering reactor transport
segregation
s B interparticle transport
E restructuring intraparticle transport
s
H transport to site
ps | active site

1 nm 1 um ) 1 mm Tm 10m
Size
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Heterogeneous Catalysts
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Even a simple H-H bond is very hard to simply pull apart...
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Heterogeneous Catalysts

Energy
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Here is how the same profile looks if a metal surface is near by...
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=P7L  Descriptor versus dynamic approaches

= Approaches of tackling complexity in heterogenous catalysis
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Ve

Descriptor based approaches: Activity of material described by an array of computationally available properties

Bulk O vacancy | | Key/unique intermediate energy

~ d-band model | | H/C/0/CO/OH Adsorption energy |

Increasing computational cost
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Descriptor versus dynamic approaches

= Approaches of tackling complexity in heterogenous catalysis

Ve

d-band model |

Bulk O vacancy

Descriptor based approaches: Activity of material described by an array of computationally available properties

Key/unique intermediate energy

H/C/0/CO/OH Adsorption energy

Increasing computational cost

Single bulk calculation required

Speci. act.: i, at 0.9 V (mAcm?,,)
|

Pt3Co i
205 Pt3Ni

&
PiaTi @’ PtgV
’ Pt poly*

T T T
nN w

T
Act. enhancment (vs. Pt poly)

T T T T T 1
-32 -30 -28 -26

d-band centre (eV)

-24

Stamenkovic et al. Nature Materials, 2007, 6, 241-247
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Descriptor versus dynamic approaches

= Approaches of tackling complexity in heterogenous catalysis

p
Descriptor based approaches: Activity of material described by an array of computationally available properties
| Bulk O vacancy | Key/unique intermediate energy
d-band model | H/C/O/CO/OH Adsorption energy |
Increasing computational cost
.

Single bulk calculation required

wg T 3=
g 4 g
< - I &
£ 3 Pt3Co i @
= 3 o' PiaNi 23
2, o 5
= 2 o I E
-g i PiaTi @’ PtzVv L4 "é
5 1 4 Pt poly* £
g 1 poly | 5
.g- E <
& O b7 <
-34 -32 -30 -28 -26 -24

d-band centre (eV)

Multiple slab calculations required

E'F’rimary Descripmrsli

(Energies) ~ [
______________________ E E
B [T e
+-x+70542 F
@
...................... (=]
Features i :
(MeOH yield) Descriptor 1

Experiment

Stamenkovic et al. Nature Materials, 2007, 6, 241-247; Khatamirad, Fako et al. Catal. Sci. Technol., 2023,13, 2656-2661
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=PFL What if we oversimplify a Real Catalysts?

FoNe
slc o A
A S gr K
G

Decide on what is the base material and search domain
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Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661
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High throughput computation
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- oele :: .—O vacancy doping
se
He -'zn-:';ml:“: e e = o°
; Be Al b .
L wBBEge oy : M, M,

= : ’
ca Mo h D o N °
£ vz'.wﬂsosl'osng N o k’ °
Rb S° ™ Hs Mt )
cs 80 ar 00 5 2
Lr
| Friee v OV

Cubic In,03 (110)

What if we oversimplify a Real Catalysts?
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Find a model structure capable of
expressing the effects across the design space

Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661
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High throughput computation
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What if we oversimplify a Real Catalysts?

Hypothesized reaction
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Intermediaries used as probes.
They need to be placed at the active site
In a consistent and strategic way.

Cubic In,0; (110)

Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661
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High throughput computation &R v ! } ?7
F Ne = ! y ; ’ c%
2 - s ¢ «—Ovacancy doping ———y ) % D s
: w . '--= zZE; ;;"’:: ; = &, J W Ue o G ) ? Computational descr||ptor matrix
R D || R S o —

9 v ;

s¢ g :

ca Mo h D &, 0
KIC 2 8 e e L s R9 N 'Y k L]
rb S ) w s Mt
s B9 L ob S9 gh
rf

Lr

i iy v 'Y

Cubic In,0; (110)

E/eV

In Nb Ni Pd Pt Rh

Density Functional Theory driven simulations to find the local minima.

These energies express the effect of the promoter on the base structure.
Prohibitively expensive for high-throughput screening!

Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661
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High throughput computation qrintefm=—1 "o X 0’ ?’
He C RrRH v
FoNe —7 ’ c%

B & o "——0 vacancy doping — v 4 D s

SBECE fosl ® T
f ge l-- Z"E s ™ AR &, J (= ™) o® © G ‘b Computatlonal descnptor matrix
= cr will [ B T P 2 P: 75 09 \ M, M, |

- v

g v b

s¢ : :

a Mo h D &, 0
K G = Z'- Rsos Ir 0539 N Q. k °
RO.ST T L B2 e [T
cs B8 o 59 B
Rf

Lr

Fr R L A a J

Cubic In,0; (110)

In Nb Ni Pd Pt Rh

High-throughput screening measurements are performed
for different catalytic materials in parallel.

\

Parallel reactions

Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661
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\\\\\

High throughput computation @ interm== 1
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xXe
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Cubic In,03 (110)

High throughput experiment R.h %t P.d '{‘ In Nb Ni

300

corundum °\\°

catalytic bed o 275 8~

- o} : .
=0 S And different catalytic
- conditions in sequence.
] Experiment

Parallel reactions —— > Catalytic response

Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661

Pd Pt Rh

E/eV
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\\\\\

High throughput computation @ interm== 1

e ~ O R0 Y % }’
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N
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Cubic In,03 (110)

High throughput experiment R.h %t P.d '{‘ In Nb Ni
300
corundum °\\°
et bed 215 § Ready to join experimental
F o g and computational data!
x
225
] Experiment

Parallel reactions —— > Catalytic response

Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661

Pd Pt Rh

E/eV
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High throughput computation o e _ X }
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High throughput experiment R.h %t P.d '{‘ _B_e_(n_q_v_(_e_][ng?[[y_gqrrg!aﬁgq_ In Nb Ni Pd Pt Rh
300 Jeel

corundum

catalytic bed 275

T/

250

X (CO, CO,) /%

225

] Experiment
Parallel reactions ——  » Catalytic response

Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661
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High throughput computation qrine™e L ods ?:
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5 ; ‘. Remove linearl correlated

High throughput experiment R.h %t P.d '{‘ --------------------- y.comaee. In Nb Ni Pd Pt Rh
300
corundum " Primary Descriptors (Energies)

catalytic bed 275

Operations: + - x + AQ.5 A2

T/

250 Secondary Descriptors

X (CO, CO,) /%

h 225 {  Features SN
i (MeOH yield) Model
Y Experiment + ........ .

Parallel reactions —— > Catalytic response

SISSO (sure independence screening and sparsifying operator)

B LIAC | Sion 24.03.2025

Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661
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High throughput computation qrine™e L ods ?:

O vacancy doping ﬁ'
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Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661
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Limitations of this approach

Energy of intermediate

In Nb Ni

Density Functional Theory driven simulations are employed to find the local minima.
These energies express the effect of the promoter on the base structure.
Prohibitively expensive for high-throughput screening!

Khatamirad, Fako et. al. Catal. Sci. Technol., 2023, 13, 2656-2661
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Schaaf L.,

Machine Leaming at Atomic Scale:
Interatomic Potentials

ML model is 103-106x faster than reference QM
Improving at each iteration and converges ~ 5-10 iterations In,O; particle SOAP-GAP FF
ML training takes ~10-24 hours

Fako E., et al., npj Computational Materials (2023) 9:180
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= Approaches of tackling complexity in heterogenous catalysis
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Descriptor versus dynamic approaches

Ve

Descriptor based approaches: Activity of material described by an array of computationally available properties

| Bulk O vacancy

Key/unique intermediate energy

d-band model |

H/C/0/CO/OH Adsorption energy |

Increasing computational cost

Single bulk calculation required

““E T 3=
g 4 g
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=1 5
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] o)
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2 <
(7]
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-34 -32 -30 -28 -26 -24
d-band centre (eV)

Rh Pt Pd In
@ O e o

Experiment

E'F’rimary Descripmrsli

(Energies) ~

______________________ 5

a

+-x+70.5 "2 §
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...................... o
Features

(MeOH yield)

Multiple slab calculations required

Descriptor 1
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=P7L  Descriptor versus dynamic approaches

= Approaches of tackling complexity in heterogenous catalysis
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Descriptor versus dynamic approaches

= Approaches of tackling complexity in heterogenous catalysis

Mechanistic approach: derive a complete mechanism (intermediates + TS), discuss barriers, build microkinetic models etc.

Simple surfaces
(metals) + small
molecules

Simple surfaces
(metals) + larger
molecules

Complex surfaces
(oxides, alloys, etc.) +
small molecules

Increasing complexity

Complex surfaces
(oxides, alloys, etc.) +
large molecules

B LIAC | Sion 24.03.2025
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=FFL 1 NEB =1 Path

B Place ALL reactants on the surface, run a single NEB along the full reaction path:

B LIAC | Sion 24.03.2025

Hydrogen hops form O to In

Hydrogen hops form Oto In- " Hydrogen hops form 0 t0 0

4

energy [eV]

0 5 10 15 20 25 30 35 40 45 50 55 60 6 70 75 B0 B5 9 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190

Hydrogen hops form O to O

Schaaf L., Fako E., et al., npj Computational Materials (2023) 9:180
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= Approaches of tackling complexity in heterogenous catalysis
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Descriptor versus dynamic approaches

Simple surfaces
(metals) + small
molecules

Simple surfaces
(metals) + larger
molecules

echanistic approach: derive a complete mechanism (intermediates + TS), discuss barriers, build microkinetic models etc.

Complex surfaces
(oxides, alloys, etc.) +
small molecules

Complex surfaces
(oxides, alloys, etc.) +
large molecules

Increasing complexity

w
-

Edvin Fako



=P7L  Descriptor versus dynamic approaches

= Approaches of tackling complexity in heterogenous catalysis
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Common issue:
Under-sampling!
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Is?

YT Steve Mould: 3000 ball bearings

top view

site

surface —» .
not surface —> ‘
side view

How to understand structures of materia

Metal atoms can make multiple covalent
bonds, as a result they pack like rigid

spheres!

[1] J. Phys. Chem. C 2023, 127, 50, 24168-24182; https://www.youtube.com/stevemould

G20Z'€0vZ UoIS | OVIT W
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=PFL  How to understand structures of matenials?

The densest packing is the (111)-like, that
makes it most stable. y

As a result, all other facets can be understood
as “steps” of this facet. (111)

site

1
i~ RARRES

side view top view

B LIAC | Sion 24.03.2025

[1] 3. Phys. Chem. C 2023, 127, 50, 24168-24182; https://www.youtube.com/stevemould
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=P*L  How to sample fragments on a surfaces?

*1*B(A2)xC1(m2)
Use *SMILES to sample:

*A.
- All species ay ay
- All binding motifs m 00

* *

d
Find all sites on any surface: touch criteria
 What atoms can be “touched”
* Which of those are “sites” o
sidae view

B LIAC | Sion 24.03.2025

10.26434/chemrxiv-2025-79nj4
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L AutoAdsorbate

= Enumerate:
 All sites
* All species
* All binding motifs

= DOS,_, as property of the
surface

= Rich information about the
chemical properties of the
system

10.26434/chemrxiv-2025-79nj4

Esgs rel / €V

0.0 04 0.8 12 16

'S
-
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=PFL  AutoAdsorbate
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= Enumerate:
 All sites
* All species
* All binding motifs

= DOS, as property of the
surface

= Rich information about the
chemical properties of the
system

10.26434/chemrxiv-2025-79nj4

Eags re1 | €V
00 04 08 12 16

DOS.qs

C20H,

»
9
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= DOS,_, as property of the
surface
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chemical properties of the

» Rich information about the
system

10.26434/chemrxiv-2025-79nj4
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=PFL  AutoAdsorbate .. dii s3idl ol
= Enumerate: | "
« All sites ., 14. ------------------------------------------------
* All species 3N x| , "' B T )
* All binding motifs U \‘”\"" \”\“ / ]\ ’““j V
P —F = e i "
» DOS,,, as property of the ﬁ L:‘; " o & , " 2 S
surface - = - -
W e[ % e &
e o |l ) el | P x| e X

= Rich information about the
chemical properties of the
system
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10.26434/chemrxiv-2025-79nj4
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=PFL  AutoAdsorbate

= Compare holistic picture
of energetics

« Computer Vision

= AdsMT - like approach:
- Predict the DOS_,

[1]

B LIAC | Sion 24.03.2025

[1] J. Phys. Chem. C 2023, 127, 50, 24168-24182

Eads rel / 6V

00 04 08 12 16 20 24 28

Eads re 1 8V

00 04 08 12 16 20 24 28

Cu (100)

Cu (211)

Pd (100)

Pd (211)
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L AutoAdsorbate

= Compare holistic picture
of energetics

« Computer Vision

= AdsMT - like approach:
- Predict the DOS_,

[1] J. Phys. Chem. C 2023, 127, 50, 24168-24182

']

Eads et/ €V
00 04 08 12 16 20 24 28

Eads rel / 6V

00 04 08 12 16 20 24 28

Eads rer / €V

00 04 08 12 16 20 24 28

Cu (111)

Cu (100)

Cu (211)

Pd (111)

Pd (100)

Pd (211)
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=PrL Qutlook
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= A sustainable future depends on Heterogeneous Catalysis
= ML can provide a path forward

= We need better data

= MLIP are mature enough to take on the task

= Structure generation is open source

= All the power is in your hands!

E 3
€
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=PrL Qutlook
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= A sustainable future depends on Heterogeneous Catalysis
= ML can provide a path forward

= We need better data

= MLIP are mature enough to take on the task
= Structure generation is open source

= All the power is in your hands! S

Gen Al rewards?

Agents for simulation?

MLIP improvements?

Deep descriptor ML
(e.g. comp. vis.)

Dynamic
LM rewards?

Bayesian
atomistic optimization?
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Thank you for your
attention!

AutoAdsorbate configurations
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