ETHzirich
=prL  \CATE

SWISSCAT+ EAST

ETHZ Data-Driven Automated
High-Throughput Experimentation
Faclility

P. Lavellle



SWISSCAT+ PROJECT — @
CAT=

cPFL

A service hub open to all academic and private research groups

AI/ML Analysis ﬁ Automation

: Increase accuracy . . . . .
|dentify new data ibili « National initiative co-headed by ETHZ and EPFL.
relations, suggest & reproducibility, Yy

new experiments operate 24/7 and

digitize data. « 25 MCHF starting fund (2021-2024) from ETH-
Domain.

. 8 MCHF (2025-2028)

 Two Hubs:
« East Hub (ETHZ) focuses on heterogeneous catalysis.
« West Hub (EPFL) focuses on homogeneous catalysis

High-throughput « Under the authority of VPR at ETHZ and VPA at EPFL.
Capture all

: Generate large
experimental
in/outputs, facilitate number of datasets

in a reduce amount
ML apgl?fg%‘?g’ FAIR b of time.

Laveille et al., Chimia, 2023

Accelerate Catalyst R&D

Data Management




TIMELINE, HR & COSTS —_— @
CATe

=PFL
2021 2022 2023 2024 2025
1.2 FTE > 3.2 FTE » 5.5 FTE - 6.5 FTE
ORDER EQUIPMENT LAB 1 INST 1 ORDER EQUIPMENT LAB 2&3 m

OPERATION 60% 100%
/ - »‘

« Lab refurbishment: 1 MCHF (in-kind) (™, \§ / /
« Equipmemnt: 10 MCHF (80%) S S
« OPEX (1.2 MCHF/yr):

- FTE: 0.8 MCHF/yr

* Maintenance: 0.3 MCHF/yr

« Chemicals/Consumables: 0.1 MCHF/yr
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LAB1 — 60m2

LAB3 — 40m?2

LAB2 — 80m2



HARDWARE e @

cPFL

3 Synthesis Robots
Multi-position microwave oven
High-temperature furnace

Synthesis
(30%)

10 MCHF

- 52 fixed bed reactors
- 4 units for batch testing
- GCMS + HPLC/GPC

- XRD
.. _— . _ LA-ICPMS
: Characterization . BET
- TGA-DSC
| (20%) - DNP-NMR
\\\

4/3/2025 4



AUTOMATION STRATEGY

ETH:irich

cPFL

* Not full self-driving lab
 |slands of automated activities with manual transfer of sample plates
« No manual activity impacting the experiment
« All input and output parameters are digitalized

 Why?
1. Difficult to automate activities:
» Transfer of powders to specific vessels/non automated machines.

2. Throughput not limited by sample transfer:

« 24-96 samples per day.
3. Always a human in the lab to program/maintain equipment.
4. 3 labs at different levels

» High cost & complexity for limited benefits.
» Working with suppliers to bridge the gaps in the coming years.

« Working with high-temperature/high pressure equipment (opening/closing, cleaning...).

Laveille et al., Chimia, 2023

4/3/2025



DATA MANAGEMENT STRATEGY e @

EPFL
1) BAYESIAN OPTIMIZATION/DOE « Centralize and organize files.
/@ --sye®. O ] . Kee_p_ track of _data processing.
N\ !  Facilitate sharing and ML.
| » Automated, Open access, FAIR/ORD.
3) AUTOMATIC DATA UPLOAD E
= Python script 4) ELN/DATA LAKE |
= OpenBIS API E
q Instrument 1 openBIS i 6) VISUALISATION/BI
Raw Data > o 1
i Individual Raw i
N Merged & b
@E Instrument 2 Data pmcg;gsd Data || " g m Y
Raw Data > | Project 001 plotly +ablea:
: AN = o =
@i Instrument n g — @
’ Raw Data { ] o
g . c
2) LAB EXPERIMENTS g ymonsenw 5 ETHZ SwissCAT+ Python Library (PyCatDat):
o o
M Source Code
ETHZ NAS ey,
Individual Raw m Merged &

Data Processed Data

N

/B
5) AUTOMATED MERGING & PROCESSING

ETHzurich swissunjversities S D S C

E. Lam et al., Digital Discoveries, 2025.




MACHINE LEARNING STRATEGY e @

cPFL

Which catalyst to synthesize out of millions possibilities?

LLM to mine data on the web -> Data/model quality?

Deep Learning model and Computational modeling-> large training set / unknown synthesis pathway?

Experimentally-guided Bayesian Optimization:
 Probabilistic model significantly reducing the number of experiments.
« Combines exploration of unknow regions and exploitation of positive signals

« Multi-parameters, multi-constrains and multi-objectives optimization.

Atinary SDLabs -> No code software

ParBayesianOptimization in Action (Round 1)

0.66

Score (Model Performance)




cPFL

ACTIVITY OVERVIEW e @
CATS

« 52 Projects: %@ﬂ;‘_’;‘g Ed?h?gREA LS
e 75% for ETH-domain

» 20% for private users " = J &J
+ Catalyst Synthesis: METALOR £ BERERARAH

° Metal-supported Catalysts & TANAKA Wisdom Pool Research Institute G.K.

» Zeolites

» High Entropy Oxides

« Carbon-based Materials

* Organometallic catalysts

== Methanol === Methane wms=Carbon monoxide --s--Conversion
- Catalyst Testing: (b} 100"y N 00 | o
« Fixed Bed testing: 80 “ I |,
« CO,/CO hydrogenation £ oo o 6 5 | | =
* Propane dehydrogenation % | CH,OH 2 E @ | °
« CH4 Steam/Dry Reforming g 407 S Ewl . 8
- Batch testing: 20 » O S
o EtOH 20 2
« Hydrogenation -
« Hydrodeoxygenation o %0 250 20 0 0

o . . 250°C 275°C 300°C
e C02 mineralization Temperature /"C Reaction Temperature [°C]

» Chemical Sensing

CO to Ethanol with supported nanoparticles [3] CO, to Methanol with high entropy alloys [7]

1) P. Laveille et al. Chimia, 2023. 2) Ramirez et al., Chem. Catal. 2024. 3) W. Zhou et al., JACS. 2025. 4) E. Lam et al., Digital Discoveries, 2025. 5) Z. Zhang et al., Angew. Chem., Int. Ed. Catal. 2024.
6) M. Mielniczuk et al., ChemPlusChem 2024. 7) C. Hansen et al., Chem. Sci, 2024



CASE STUDY

Automated data upload to ELN.
Automated data analysis & merging
via barcode & python script.

\*

\\

24 reactors simultaneous
50mg catalyst per reactot
CO,/H, = 1/3 (8ml/min/re:
32 bars, 275°C.

1 support among 4 (Al,O3, SiO,, TiO,, ZrO,).

Up to 4 elements among 7 (Ce, Co, Cu, Fe, In, Zn. K).
Total metal loading up to 6wt%.

> 20 M possibilities.

Maximize CO, conversion & MeOH selectivity.
Minimize CH, selectivity and metal cost.

CH,OH,
CO, CH,

6 iterations (144 catalysts).
5 days per generation.

P
i

__ B=hko

Ramirez et al., Chem Catalysis, 2024

= 24 catalysts per batch.
= 500mg per catalyst.

= 24 catalyst simultaneously.
= 4hat550 C.

30.10.2023



CASE STUDY
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CASE STUDY

ETHziirich

CATs

cPFL
Elements . Potassium . Cerium . Cobalt . Copper . Iron [ Indium . Zinc
Individual Compositions . . - .
Exploring chemical space Finding most active elements _
Generation /’Support/ Index v
1 2
AI203 Si02 Tio2 7r02 7r02
5
4
S
S
2
2 3
hel
©
3 —
®
5 2
=
| I
0 ] -
3 5 9 14 15 20 22 24| 4 13 18 19| 2 12 16 21| 1 6 35 37 41 44 45 47
C0O2 vs MeOH Rates Avg. Rates & Cost per Generation
onerati CO, Conv x5
eneration
R e ) ‘ , CH, Sel /4
I e @
3 03 ° e . 0.239 MeOH sel x10
y o % Cost/ 4
£ -
= @ -
g ® 4 y o = 02
é oF . ©
2 02 [ ) o ‘/,‘ Y = -
2 ° 4 5 g
2 e 600 4
z e o
S 01 . L g - o
3 { o .- @ 0.082 400 =
© i 2
i ° 2
0.0 '." ® 0.048 $233
200
0.00 001 002 003 004 005 006 007 008 009 010 011 012 013 0019
MeOH Formation Rate (mol/(h*gMetal)) 0.0 O 008 0.005 0

Generation . 1

. Avg. CO2 Conv. Rate . Avg. CH4 Form. Rate . Avg. MeOH Form. Rate . Avg. Cost

Ramirez et al., Chem Catalysis, 2024



CASE STUDY A

Elements . Potassium . Cerium . Cobalt . Copper . Iron [ Indium . Zinc

Individual Compositions

Exploring chemical space Finding most active elements Exploring elemental doping
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CASE STUDY

Elements [l Potassium

Individual Compositions

. Cerium

. Cobalt

Exploring chemical space

. Iron

[ | Copper

Finding most active elements

. Indium

. Zinc

Exploring elemental doping

ETHziirich
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Minimizing metal content by doping
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CASE STUDY

Individual Compositions

Metal Loading (wt%)

Individual Compositions

Metal Loading (wts6)

Generation / Support / Index
2
202

AI203

Generation 2 (Cu-based)

Generation

si02

Generation / Support / Index

Tioz

Elements
W Potassium
M cerium
M covalt
I Copper

s 2% 2z 2 2 3 owm  m B % 3% 3% 3y @ B 40 a4 4 44 45 a6 a7 a8 |

W ion
W indium
W zinc

Elements
M Potassium

202

e G€NEration 2 “No_Cost” (In-based) ...

Generation / Support / Index

2_NoCost
202

ETHziirich

cPFL

Generation [l 1 W2 M 2_NoCost

Conversion vs Selectiviy

€02 Conversion (%)

15

o
Gen 2 (Cu-based)
[
° f.
R
[ ] [ ]
Q C o, ..0
[ ] L a
Gen1l
[ ] ()
'+ RS .

MeOH Selectivity (%)

Potassium
M cerium
M Cobalt
M Copper

Metal Loading (wt%%)

00

Ramirez et al., Chem Catalysis, 2024
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100 YEARS OF R&D PERFORMED IN 30 DAYS!

1990-now

*Report and Study
of In,0,/Zr0,

*More in depth
investigation on
Cu/zroO,

eFirst Cu-based
catalyst Cu/Al,O,
for CO,-to-MeOH

*Zn0-Cr,0, by
BASF

*Zr0O,-based
catalyst (Re/zrO,
and Cu/Zr0,)

*Cu-ZnO/Al,0, by
Imperial Chemical
Industries

Week 1 . Week 2 . Week 3 . Week 4 . Week 5 1 Week 6
Exploring chemical space 1 Identifying Cu/zrO, 1 Exploring Cu/ZrO, doping 1 Identifying CuCeZn/ZrO, 1 Pushing doping of Cu/zrO, | Identifying In/ZrO,
: : 2 ) . . (diverge objectives)
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Ipatieff et al., J. Am. Chem. Soc. 1945. Alvarez et al., Chem. Rev. 2017. Shibata et al., J. Catal. 1985, lizuka et al., J. Chem. Soc., Chem. Commun., 1983, Martin et al., Angew. Chem., Int. Ed. 2016. Sun, et al.,
J. CO2 Util. 2015



CONCLUSION & PERSPECTIVES - @

cPFL

« ETHZ has an operational state of the art data-driven automated and high-throughput platform.
« Open to academic and private research institutes.
« Broad capabilities in term of catalyst synthesis, testing and characterization.
» Experimentally-guided Bayesian Optimisation to screen of large chemical space
* Next steps:
» Exploring larger parameter spaces.
« Adding more chemical knowledge in ML approach (characterization data).

« Bridging the lab automation gaps.

-> [nnovation in hardware and software needed to advance autonomous / self-driving labs.
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Thank youl!

P. Lavellle
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