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« Scientific driver

* Motivation and limitation for LLMs

* Multi-Modal/Compound Al

« Quantitative and Qualitative Analysis
« Scaling needs
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A new Al system designed for Chemistry
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Let us begin with our focus: Catalysis
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Catalysis — Need and Challenges
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Adsorbate

A

Surface

> $ >
$ $ $
> $ .

Bad landing!
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Dissociate

Float away

The process unfolding at microscopic scale can go wrong in many ways

Image courtesy: Lan, J., Palizhati, et al., 2023. AdsorbML.: a leap in efficiency for adsorption energy calculations using generalizable machine learning potentials. npj Computational Materials, 9(1), p.172.
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Imagine facilitating this controlled dance of molecules at large scale

Image courtesy: Lan, J., Palizhati, et al., 2023. AdsorbML.: a leap in efficiency for adsorption energy calculations using generalizable machine learning potentials. npj Computational Materials, 9(1), p.172.
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1

H He

Hydrogen Helium
3 4 5 6 7 8 9 10
L D BN Number of possible catalysts
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
1 12 13 14 15 16 17 18 . .
Na Mg Al Si P S Cl Ar involving 3 metals drawn from a set
Sodium  Magnesi... Aluminium  Silicon  Phosph... Sulfur Chlorine Argon
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 Of 50 i S 19600
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Potassium Calcium Scandium Titanium Vanadium Chromium Mangan... Iron Cobalt Nickel Copper Zinc Gallium Germani... Arsenic Selenium  Bromine Krypton
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Rubidium  Strontium  Yttrium Zirconium  Niobium Molybde... Techneti... Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony  Tellurium lodine Xenon w .go
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 ‘
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn \ (
Caesium Barium  Lanthan... Hafnium  Tantalum Tungsten Rhenium  Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth  Polonium  Astatine Radon
87 88 89 104 105 106 107 108 109 110 111 12 113 114 115 116 17 118 ‘
Fr Ra Ac Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og {J
Francium  Radium Actinium Rutherfo... Dubnium Seaborg... Bohrium  Hassium Meitneri... Darmsta... Roentge... Coperni... Nihonium Flerovium Moscovi... Livermor... Tenness... Oganes...
58 59 60 61 62 63 64 65 66 67 68 69 70 71 ‘ 0
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Cerium Praseod... Neodym... Prometh... Samarium Europium Gadolini... Terbium Dysprosi... Holmium Erbium Thulium  Ytterbium  Lutetium C02 + sz CO +H20
90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Thorium Protacti...  Uranium Neptunium Plutonium Americium Curium  Berkelium Californi... Einsteini... Fermium Mendele... Nobelium Lawrenc...

Multiply that by the number of reactants

Multi-metallic Intermetallic Overlayer
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It takes energy for everything
* To break or form a bond
* To hold molecules together in a stable way

A good catalyst is one
* Who will get the job done with less
extrinsic energy

Less extrinsic energy > Lower carbon footprint
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Inspiration from Literature
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Inspiration

« Generate a sequence of questions/answers that

mimic hu

« Similar to how we justify in a scientific publication

man reasoning

The catalytic conversion of synthesis gas (also referred to as
syngas, CO + H,) to higher oxygenates (C,, oxy) including
alcohols, aldehydes, acetates, etc., offers a promising alternative
to the production of higher-value fuels and chemicals.' Given
the intrinsic selectivity of rhodium (Rh) toward C,, oxy,
catalysts based on this metal are by far the most studied
systems for higher alcohol synthesis (HAS).”* However, due
to the inherent reaction kinetics of HAS, which shift the
selectivities away from the desired higher alcohols (HA) and
C,. oxy, no commercial catalyst exists to date with practically
relevant activity and selectivity." Depending on how the CO
binds to the catalyst surface, methanol and hydrocarbon (HC)
synthesis pathways compete with C,, oxy formation.’
Specifically, transition metals that facilitate molecular CO
adsorption, e.g,, Cu and In, are selective to methanol, while
those that promote CO dissociation, e.g, Fe and Co, are
selective toward HCs.*” The most favorable mechanism for
C,, oxy formation on Rh is through the insertion of CO/CHO
into CH, (x = 1-3) species, which requires simultaneous
molecular and dissociative chemisorption of CO.° While
monometallic Rh is primarily selective toward methane and
acetaldehyde, it hardly suffices the bifunctional requirement for
HAS. For this purpose, various alkali- and transition-metal
promoters are added, increasing alcohol formation and carbon
chain growth capabilities.” This significantly improves

MCatalysis

pubs.acs.org/acscatalysis

Research Article

Identifying Descriptors for Promoted Rhodium-Based Catalysts for
Higher Alcohol Synthesis via Machine Learning

Manu Suvarna, Phil Preikschas, and Javier Pérez-Ramirez*

I: I Read Online

Article Recommendations

Cite This: ACS Catal. 2022, 12, 15373-15385

ACCESS |

ABSTRACT: Rhodium-based catalysts offer remarkable selectivities toward P e
higher alcohols, specifically ethanol, via syngas conversion. However, the addition

[l Metrics & More |

| © Supporting Information

of metal promoters is required to increase reactivity, augmenting the complexity of [pmmm )
the system. Herein, we present an interpretable machine learning (ML) approach . EaP : o5 I
v of No Yes
Sio,

™ (8839 PTM

to predict and rationalize the performance of Rh-Mn-P/SiO, catalysts (P = 19
promoters) using the open-source dataset on Rh-catalyzed higher alcohol synthesis
(HAS) from Pacific Northwest National Laboratory (PNNL). A random forest
model trained on this dataset comprising 19 alkali, transition, post-transition
metals, and metalloid promoters, using catalytic descriptors and reaction
conditions, predicts the higher alcohols space-time yield (STY;;,) with an accuracy of R* = 0.76. The promoter’s cohesive
energy and alloy formation energy with Rh are revealed as significant descriptors during posterior feature-importance analysis. Their
interplay is captured as a dimensionless property, coined promoter affinity index (PAI), which exhibits volcano correlations for
space-time yield. Based on this descriptor, we develop guidelines for the rational selection of promoters in designing improved Rh-
Mn-P/SiO, catalysts. This study highlights ML as a tool for computational screening and performance prediction of unseen catalysts
and simultaneously draws insights into the property—performance relations of complex catalytic systems.

Catalytic Interpretable Novel
data ML descriptor

Descriptor
guidelines

KEYWORDS: syngas, computational screening, feature engineering, alloy formation energy

B INTRODUCTION

The catalytic conversion of synthesis gas (also referred to as
syngas, CO + H,) to higher oxygenates (C,, oxy) including
alcohols, aldehydes, acetates, etc., offers a promising alternative
to the production of higher-value fuels and chemicals." Given
the intrinsic selectivity of rhodium (Rh) toward C,, oxy,
catalysts based on this metal are by far the most studied
systems for higher alcohol synthesis (HAS).* However, due
to the inherent reaction kinetics of HAS, which shift the
selectivities away from the desired higher alcohols (HA) and
C,, oxy, no commercial catalyst exists to date with practically
relevant activity and selectivity.* Depending on how the CO
binds to the catalyst surface, methanol and hydrocarbon (HC)
synthesis pathways compete with C,, oxy formation.’
Specifically, transition metals that facilitate molecular CO
adsorption, e.g,, Cu and In, are selective to methanol, while
those that promote CO dissociation, e.g, Fe and Co, are
selective toward HCs.”® The most favorable mechanism for
C,, oxy formation on Rh is through the insertion of CO/CHO
into CH, (x = 1-3) species, which requires simultaneous
molecular and dissociative chemisorption of CO.° While
monometallic Rh is primarily selective toward methane and
acetaldehyde, it hardly suffices the bifunctional requirement for
HAS. For this purpose, various alkali- and transition-metal
promoters are added, increasing alcohol formation and carbon
chain growth capabilities.”* This significantly improves

© XXXX The Authors. Published by

selectivity and/or activity toward C,, oxy, specifically ethanol
synthesis from syngas.

Fe and Mn are among the most commonly investigated
promoters to improve Rh’s catalytic performance, either as
binary or ternary systems.” Bimetallic Rh—Fe catalysts are
known to improve ethanol selectivity while decreasing
methane selectivity due to the formation of Rh-FeO, interfacial
sites.” However, due to their low stability under reaction
conditions and in situ Rh—Fe alloy formation induced by FeO,
reduction via hydrogen spillover, the addition of a third metal
is required for stable catalytic behavior. Likewise, the impact of
Mn promotion on selectivity toward higher alcohols has been
well reported.”~"" Mn is known to remain in an oxidized state
under harsh reaction conditions (523—593 K, 3—8 MPa)"®
typical of HAS. The modification of Rh with MnO, has mainly
been described as (i) stabilization of isolated Rh* sites, (ii)
formation of Rh-MnO, interfacial sites,'” (iii) increase of Rh
dispersion, or (iv) a combination of these effects.”® Although
the role of Mn as a promoter is not fully elucidated yet, it has
been proposed that the formation of bimetallic Rh-MnO, sites

Received: September 3, 2022
October 28, 2022

Revised:

https://doi.org/10.1021/acscatal 2c04349
15373 ACS Catal. 2022, 12, 15373-15385
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What is good catalyst

k > Shows higher activity and selectivity

k > What is the descriptor for catalytic activity

Y

Adsorption energy of reactants and
intermediates on catalyst surface

Y

How do | tune adsorption energy??

Let’s think step by step.....
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v

N
Multi-metallic Intermetallic Overlayer 100 110 111
Reason-via-electronic structure Reason-via-catalyst composition Reason-via-target properties
Q + “Let’s think in terms of metal- Q + “Let’s think in terms of bulk Q + “Let’s think in terms of

support interaction” structural properties” adsorption and crystal planes”
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Generate 3D structures from LLM

output and estimate search reward
\ P P—— T t via DFT/surrogate models
. . : What are the top three catalysts for the reverse water
Experiment Catalytlc properties gas reaction? Let’s think step-by-step... ‘
(SeIeCtiVitY’ turnover, ) A: Pt, Pd, Ru. Because...
A
T Q: What are the top three catalysts like Pt, Pd, Ru for
the RWGS reaction? Include catalysts with [low
Models cost]. :
l Meta-data A: Cu, Ni, Co. Because... ?
Descriptors ?
Q: Provide three metal oxide catalysts that include Cu, Ni, i/l

T Co for the reverse water gas reaction. Consider catalysts
with [low cost, high activity].

: NiO, Ni ,C .
Quantum Data A: NiO, NiCuO, Co,0,. Because

calculations (Energies, ...)
Explore the chemical space via LLM-based Heuristic j

Search methods applying descriptor-based constraints

The original paper [1] expressed the vision for searching over a “hypothetical database” that stored performance
metrics for any group of chemical descriptors. Promising candidates returned by such a search would be further
screened by computational chemistry simulations and experiments in the laboratory.

[1] Narskov, J.K., Abild-Pedersen, F., Studt, F. and Bligaard, T., 2011. Density functional theory in surface chemistry and catalysis. Proceedings of the National Academy of Sciences, 108(3)




o

Pacific

Northwest  Examples of Automated Screening from Literature

Bulk Compositions

40

® 0 00 40 Surface Facets
Up to Miller Index (3,3,3) for Ni,
(2,2,2) for NiGa, Ni;Ga, Ni;Ga,,
That Appear in Wulff Construction

583

Adsorption Sites w/
Unique Coordinations

Reproduced from: Ulissi, Z. W.; Tang, M. T.; Xiao, J.; Liu, X.; Torelli, D. A.; Karamad, M.; Cummins, K.; Hahn, C.; Lewis, N. S.;
Jaramillo, T. F.; Chan, K.; Ngrskov, J. K. Machine-Learning Methods Enable Exhaustive Searches for Active Bimetallic Facets and
Reveal Active Site Motifs for CO2 Reduction. ACS Catal. 2017, 7, 6600-6608.
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There are several metals that can be used as alternatives to platinum for hydrogenation
reactions, including nickel, palladium, and ruthenium. These metals have similar properties
to platinum, including a high affinity for hydrogen, and can be used in many of the same

[ ]
H ow d I d C h atG P I d o ? applications. However, they may not be as effective in some cases, so it's important to

carefully consider the specific requirements of the reaction before choosing a metal to
use.

provide more details

Chemistry experts in the &
laboratory said its answer looks
|Ike ta ken OUt Of a SCIence reaction is often used in the production of a variety of chemicals, including oils, plastics,

E ncyCIOped 1a and pharmaceuticals. Platinum is a commonly used catalyst for hydrogenation reactions
because it has a high affinity for hydrogen and can speed up the reaction without being

Hydrogenation is a chemical reaction in which hydrogen is added to a molecule. This

consumed by it. However, platinum is also a very expensive metal, so there is a need for

alternative catalysts that are less expensive and more readily available.

LaCked S peC Ifl C lty a ﬂ d Nickel, palladium, and ruthenium are three common alternatives to platinum for
exp I a n atl o ns g ro u n d ed I n dee p hydrogenation reactions. These metals are less expensive and more readily available than

platinum, and they have similar properties that make them effective catalysts for

SC I e ntlfl C p rl n CI p I es Ch e m IStry hydrogenation reactions. For example, they all have a high affinity for hydrogen and can

expe rtS d e m a n d speed up the reaction without being consumed. However, they may not be as effective as
platinum in some cases, so it's important to carefully consider the specific requirements

of the reaction before choosing a metal to use.
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LLM-driven Computational Screening
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Bulk Compositions

40

® 0 00 40 Surface Facets
Up to Miller Index (3,3,3) for Ni,
(2,2,2) for NiGa, Ni;Ga, Ni;Ga,,
That Appear in Wulff Construction

583

Adsorption Sites w/
Unique Coordinations

Reproduced from: Ulissi, Z. W.; Tang, M. T.; Xiao, J.; Liu, X.; Torelli, D. A.; Karamad, M.; Cummins, K.; Hahn, C.; Lewis, N. S.;
Jaramillo, T. F.; Chan, K.; Ngrskov, J. K. Machine-Learning Methods Enable Exhaustive Searches for Active Bimetallic Facets and
Reveal Active Site Motifs for CO2 Reduction. ACS Catal. 2017, 7, 6600-6608.
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Action Possible Values # possible
Type
Add high activity, high selec- | 11
Include tivity, high stability, nov-
Ni i Prop. elty, low cost, low tox-
A . "N a icity, high surface area,
. = ‘,'\1 Bulk Compositions hlgh pOI'OSily, crystal
WRASOL facet, availability
] ) Add low activity, low selec- | 9

40 Exclude | tivity, low stability, high

o o 00 40 Surface Facets . o &
Up to Miller Index (3,3,3) for Ni, Prop. cost, high toxicity, low

s ‘ d That Appear in Wlff Constraction |:> dispersion, low porosity,
c : 8 - high scarcity
| 583 Change | unary catalyst, binary cat- | 4
o o 00 " x y
e Ciettietions Catalyst | alyst, trinary catalyst, cat-
Type alyst

Toggle on/off 1
Oxide
. . . Chan including clements that | 4
Why limit ourselves to a few options? Gt [vare: difisemot: foocs=in:
to Prev. | cluding elements similar
Answer to, introducing new cle-
ments to, including ele-
ments from
NP,
-@- Let’s explore a wider chemical space using a larger set of descriptors!
’ \
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Q: What are the top tl_wree catalysts for the reverse water Generating 3D structures from LLM
gas reaction? Let’s think step-by-step... Output and reward eStimation Via
DF T-surrogate models

A: Pt, Pd, Ru. Because...

Q: What are the top three catalysts like Pt, Pd, Ru for
the RWGS reaction? Include catalysts with [low
cost].

A: Cu, Ni, Co. Because...

Q: Provide three metal oxide catalysts that include Cu, Ni,
Co for the reverse water gas reaction. Consider catalysts
with [low cost, high activity].

A: NiO, NiCuO, Co304. Because...

Explore the chemical space via LLM-based Heuristic Search methods
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Instruction: Generate a list of top-5
metallic catalysts for the adsorption of *CO

L__* Instruction:
["Platinum (Pt)", "Palladium ~, filter candidates
(Pd)", "Gold (Au)", "Nickel with low
(Ni)", "Copper (Cu)l stability
Instruction: ['Rhodium (Rh)',
— search within :?ﬁgfﬂégyfR“)” Instruction:
transition metals . 'Silver (Ag)', | L, constrain with high
'‘Iridium (Ir)’'] resistance to CO
Instruction: poisoning
o search within ]

metallic catalysts
including high CO
adsorption capacity

Instruction: filter
—— candidates with low

stability, weak

interaction with CO

Instruction:
search within
metallic catalysts
excluding poor CO
selectivity
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{
Catalyst Type: ["metallic catalysts"]
Inclusion Criteria: ["commercial viability",
"high resistance to CO poisoning"] >
Exclusion Criteria: []
}
{
Catalyst Type: ["metallic catalysts"] <
Inclusion Criteria: ["commercial viability", Energy landscape
"high resistance to CO poisoning"] -
Exclusion Criteria: [“low catalytic activity for the .
CO2 to methanol conversion reaction”]
} L]
.. candidate
{ . ' Copper (Cu)
Catalyst Type: [“noble metallic catalysts"] g *  Palladium (Pd)
Ruthenium (Ru)
Inclusion Criteria: ["commercial viability", Nickel (Ni)
N $
"high resistance to CO poisoning"", = = *  Cobalt (Co)
"ability to dissociate CO2 into CO and 0"] =
Exclusion Criteria: [“low catalytic activity for the _ 1
CO2 to methanol conversion reaction”] reaction_pathway
I

That brings the best of ChatGPT and Computational Chemistry?
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3D Atomistic Structure-driven Reward
Computation and Screening
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* The language model driven search returns strings in English

* We need a numeric measure (reward) to determine which candidates to prune
and expand promising ones

« Given a string from the LLM output such
as “Platinum”, we infer the 3D structure

* We represent the 3D structure as a “3D-
Atom Graph” — such a representation
considers relative positions and
orientations

* This configuration is passed to a DFT Adsorption Energy
simulation or a trained 3DGNN l
Reward

More sophisticated reward functions are explored later
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CusZn

7 Different Compositions and
structures of Cu-Zn

Taken from Materials Project
Database

Cu,Zn
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« Sample slab
configurations for each
bulk:

= Miller indices from O to 2
= Unique Cell shifts
= 36.7 slab/bulk

* Following Methods of
Open Catalyst Project
https://github.com/Open
-Catalyst-Project/ocp



https://github.com/Open-Catalyst-Project/ocp
https://github.com/Open-Catalyst-Project/ocp
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Find “surface sites” (sites close to
miller indices)

Find on-top, bridge, hollow
adsorbate sites via triangulation
* Remove based on symmetry

Adsorbate is randomly rotated to
promote variation

63.4 sites/slab
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* Given an initial
structure, relax atoms
according to a GNN
trained to predict DFT
adsorption energies of
catalysts

= GemNet-dT

e Global minimum of all
initial configurations is

the adsorption energy
for CO/CuZn

« 300 steps, fmax 0.05,
batch size 20

e ~2 minutes/batch/GPU
= V100

Relaxation of *CO w/ GNN

LBFGS

Step

Yes

E,.. > 0.05

No, converged

-

0.50 -

0.25 -

0.00 - |

Eads (eV)

—0.50 -

—0.75 A

—1.00 -

120 -

100 -

80 A

Counts

40

E ads

10 Lowest Energy Trajectories

—0.25 -

0 20 40 60 80 100 120 140
lteration

60 -

20 A

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Eags Relaxed (eV)
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Exploration of Complex Reward Functions




Pacific

< Design of catalyst and catalytic processes are

Northwest  key to achieve net-zero target

Clean Fuels
earthsnots | &'products

2050 Projected
2050 Resource Supply Hydrocarbon Demand

& o- w*e*@

1,050 million 450 MMT ..can be converted into...
met ic tons (MMT) CO, fuel chemicals

Multifunctional catalyst

$

Catalyze complex feedstocks with multiple
functional groups, through the coordination
between different active sites

» Active sites
» Overall reaction pathway
» Intermediate binding energy

> Activation barrier
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C, products ,

—r -

=,
*CHCHOH C,H.OH
. % > S —
C, products
CO, on Cu *OCCO *CHCOH
g "

“CCH C,H,
= Major algorithmic contribution: Nature catalysis 2020, 3, 75

= Computing the reward function by reasoning in terms of intermediate steps
= We query the LLM to consider different possible reaction pathways (such as above)

and corresponding surface intermediates
= Then compute a single score based on all the possibilities and their activation barrier




:jﬁ/ Formulation of Reactivity-focused Reward

Northwest  Functions

1.5

1.0 -

0.5- ...

0.0 -

Reactant

-0.5 -

Energy (eV)

‘o®
[
—1

Product

-1.0 -

-1.5
1 CO,— OCHO* — CHOH* — CH;OH
-2.0 -
- —Catalyst 1 1 Catalyst 2

-2.5

Reaction co-ordinate

= — mi Ens, — E
(0= min ( mox (Fus, ~ Fas,))



o

Pacific
Northwest

AAAAAAAAAAAAAAAAAA

Quantitative and Qualitative Validation




Question: What are the top-3 catalysts that perform the RWGS
reaction at a lower temperature (<200 C) and demonstrate
higher adsorption energy for both CO2 and H2 (or facilitates
both CO2 and H2 adsorption)?. Include candidate catalysts with
the following properties: low cost. Provide scientific
explanations and return a list of top 3 answers and their
explanations as a list of pairs. Let's think step-by-step.

We had catalysis researchers at PNNL compare
oo found o 66 ighly affectve for both CO2 and 12— ChemReasoner outputs with ChatGPT

adsorption, and it catalyzes the RWGS reaction at
C.) P y

onorgy. Tho PIRS alloy lso has & lower cost Sompared to ChemReasoner was better.

other catalysts making it a popular choice.

L “The answer is correct and consistent with Recent studies shows it also outperformed GPT-4.
x literature. Integrating with Rhenium does

bring the cost down. I will surely use it.”

Ni-Mn-Cu: Ni-Mn-Cu catalysts demonstrate one of the
highest known rate constants for the RWGS reaction, and
@)— also have higher adsorption energy for both CO2 and H2

compared to PtRe, Ni-Cu, and Cu-Zn. This is expected because modern Al systems such as
L% “I am really impressed by the specificity of GPT-4 are not designed to reason at atomistic scale
x the suggestion and use of its rate constant
based justification. If another colleague

told this, I would be really intrigued by
their insight. I am inclined to validate this
in a lab experiment.”

Ni-Al-Co-Mo; Ni-Al-Co-Mo is a low-cost metal oxide

catalyst that is effective for both CO2 and H2 adsorption. If anyone (OpenAI, Google etC) developed a better Large

The catalyst is a mixture of nickel (Ni), aluminum (Al),
@ Iowoost, NLA-CoMo e a highly active and solectve Language Model, ChemReasoner should get even better. It

catalyst due to the presence of active metal sites and it

possesses strong acid sites, which improves the activity of Complements and en hances them - dOeS nOt complete.

the catalyst.

L . “The answer is logically coherent and not
x incorrect. However, it ignores the practical
challenge of combining four metals. This
recommendation is not actionable.”
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Developed a new
reasoning dataset
focused on
Catalysis

Questions

What are the top catalysts with higher
adsorption energy for both CO; and H:
(or facilitates both CO: and H:
adsorption)

Answers

Noble metal catalysts such as Pt, Rh,
Pd, Ru supported on reversible metal
oxide i.e., CeO2 (cerium oxide), TiO2
(Titanium dioxide)

While noble metals are active for
hydrogen adsorption, reversible metal
oxide facilitates the CO2 adsorption.
The oxygen vacancy present in the
reversable metal oxide facilitates C-O
bond cleavage of CO2. Generally,
interface sites are coined as the active
sites. Higher metal-support interaction
is key for their high activity.

Reasoning criteria
Adsorption energy
Electronic structures
Metal-support interaction

Identify the top catalysts that exhibit
weak adsorption energy for CO
(product)

Metal catalysts such as Au, Ag, Cu, Zn
demonstrate weak adsorption energy
corresponding to CO

Adsorption energy

What are the top catalysts that perform
RWGS reaction at lower temperature
(<200 °C)

Atomically dispersed Pt, Rh, Pd and Ru
catalysts on CeO2 or TiO2. Atomically
dispersed metal sites bind CO very
weakly due to their unique electronic
structure consequently exhibits high
selectivity to CO

Electronic structures

Is RWGS reaction structure sensitive?

Yes. Particles that are typically <2 nm
are more active for the RWGS reaction.
smaller particle size enables higher
metal-support interaction which
facilitates the CO2 activation and
facilitates the reaction. In general step
and kink sites i.e., coordinatively
unsaturated sites (such as 110 planes)
exhibit weaker CO binding energy.

Electronic structures

Adsorption on specific
crystal planes

What are the crystal planes that are
most active for the adsorption of CO2
for noble metal catalysts?

Open structure such as (100) or (110)
planes of metal catalyst are more
active towards CO2 activation. Binding
energy of CO2 is higher on these
crystal surfaces

Surface structure

Adsorption on specific
crystal planes
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Qualitative
Analysis

Analyze how search progresses through the tree

Question: What are the top-3 catalysts that perform the RWGS
reaction at a lower temperature (<200 C) and demonstrate
higher adsorption energy for both CO2 and H2 (or facilitates
both CO2 and H2 adsorption)?. Include candidate catalysts with
the following properties: low cost. Provide scientific
explanations and return a list of top 3 answers and their
explanations as a list of pairs. Let's think step-by-step.

Q: What are the top-3 catalysts
for the reverse water gas
reaction? Let’s think step-by-
step...

A: Pt,Pd,Ru. Because...

Q: What are the top 3 catalysts
like Pt,Pd,Ru for the RWGS
reaction. Include catalysts with
[low cost].

A: Cu, Ni, Co. Because...

Q: Provide 3 metal oxide
catalysts that include Cu, Ni, Co
for the reverse water gas
reaction. Consider catalysts
with [low cost, high activity]

A: NiO, NiCu0, Co,0,.
Because... o

from root to leaf

Bimetallic PtRe ( platinum-rhenium Alloy) — This alloy has
been found to be highly effective for both CO2 and H2
adsorption, and it catalyzes the RWGS reaction at
temperatures lower than 200 C using a lower amount of
energy. The PtRe alloy also has a lower cost compared to
other catalysts making it a popular choice.

literature. Integrating with Rhenium does
bring the cost down. I will surely use it.”

L % “The answer is correct and consistent with

©—

Ni-Mn-Cu: Ni-Mn-Cu catalysts demonstrate one of the
highest known rate constants for the RWGS reaction, and
also have higher adsorption energy for both CO2 and H2
compared to PtRe, Ni-Cu, and Cu-Zn.

L ) “I am really impressed by the specificity of

‘% the suggestion and use of its rate constant
based justification. If another colleague
told this, I would be really intrigued by
their insight. I am inclined to validate this
in a lab experiment.”

Ni-Al-Co-Mo; Ni-Al-Co-Mo is a low-cost metal oxide
catalyst that is effective for both CO2 and H2 adsorption.
The catalyst is a mixture of nickel (Ni), aluminum (Al),
cobalt (Co) and molybdenum (Mo). In addition to being
low-cost, Ni-Al-Co-Mo is a highly active and selective
catalyst due to the presence of active metal sites and it
possesses strong acid sites, which improves the activity of
the catalyst.

L . “The answer is logically coherent and not
x incorrect. However, it ignores the practical
challenge of combining four metals. This
recommendation is not actionable.”
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Qualitative
Analysis

Expert-based review of GPT 3.5
and our output

1) Quality: How did the Al methods matched your answer?
Answer: One answer from GPT-3.5 can be considered partially
correct (transition metal) while the Monte Carlo Reasoner partially
matched my answers and reasoning for the noble metal catalysts’
RWGS activity. Both models were not able to address the
requirement of catalyst activity of less than <200C. The Monte Carlo
Reasoner identified noble metals, Platinum and Ruthenium. Hafnium
was something that | would not have considered. For catalysts that
have high adsorption energies for CO, and H, my answers were
three Pt-based catalysts (PtRe/SiO,, Pt/CeO, and Na-doped
Pt/Zr0O,). | also identified Ni-based (Ni/La-dopedCeO,, NiCu, Ni/Ce-
Zr-0) and Cu-based (4Cu-Al,O;) catalysts from my research. My
reasoning is that catalysts that would be expected to demonstrate
higher adsorption energies for both CO, and H, would contain
noble and base metals such as Pt, Ru and Ni supported on oxides
with a high level of oxygen vacancies to facilitate high adsorption
energies for both CO,and H,. From the manuscripts that | reviewed
that have tested RWGS at 200C, none resulted in any significant CO,
conversion (>5%). Lastly, calculated equilibrium constants from
another paper reported 0.0043 at 200C and 0.0830 at 400C.

2) Specificity: Which Al method matched the specificity of your
explanation?

Answer: Both methods didn’t completely match the specificity of
my explanation, but | would choose the Monte Carlo Reasoner
because it identified Pt, even as part of a bimetallic catalyst.
However, even Pt catalysts do not have much activity (>5% CO,
conversion) for RWGS at <200C.

3) Reasoning: Which Al methods used similar chemical
descriptors as yours to reason about?

Answer: In part, the Monte Carlo Reasoner. It correctly identified
strong adsorption properties for both CO, and H, for the noble
metal catalysts.

4) Did the Al method return any wrong answer?

Answer: Yes, they both did. GPT-3.5's claim that the ionic liquid and
zeolite were good catalysts for RWGS was incorrect. They were not
identified as RWGS catalysts in my search. Transition metal
catalysts, like Ni, Cu, and their alloys, were identified as potential
RWGS catalysts but they are not active at <200C. The Monte Carlo
Reasoner incorrectly identified Hafnium as a potential RWGS
catalyst. However, | conducted a follow-on search because | am not
very familiar with its chemistry. Hafnium seems to be able to activate
CO, but whether it can produce CO selectively through RWGS was
not conclusive.

4) Are any of the Al-generated answers novel/superior to the
human expert answer?

Answer: The Hafnium suggestion was novel for me, but it was not

superior to the human expert answer.
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Quantitative Measure
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Query Id
OpenCatalyst BioFuels CO,-Conversion
GPT-4 GPT-3.5 | GPT-4 GPT-3.5 | GPT-4 GPT-3.5
Chain-of-Thought 0.37 0.66 2.08 2.10 -0.62 -0.54
Self Consistency 0.73 0.76 2.08 2.12 -0.54 -0.36
CHEMREASONER-Expert 1.90 2.11 3.90 3.79 0.45 0.78
CHEMREASONER-Planner | 2.36 2.16 4.15 3.29 0.01 0.49
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Impact of maximum number of actions

B max_actions_2 M max_actions_ 4 M max_actions_6

M max_actions_8 M max_actions_10

Modeling Search Efficiency

Method Category GPT-3.5-turbo  GPT-4 Search depth reduction (%)
CHEMREASONER-Expert  OpenCatalyst 3.87 3.45 10.97
CHEMREASONER-Expert BioFuels 3.71 3.50 5.76
CHEMREASONER-Expert CO,-Fuel 4.30 3.30 23.25
CHEMREASONER-Planner OpenCatalyst 3.79 3.67 3.08
CHEMREASONER-Planner BioFuels 3.5 3.21 8.16
CHEMREASONER-Planner CO;,-Fuel 4.25 3.55 16.47

« What are the optimal number of actions in the search tree?
« What are the typical search depth for best results?
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Level 1: Internal monologue of Planner

To address the root question, we need to modify the search
state to find metallic catalysts that are effective in the CO2
to methanol conversion reaction. Given the existing state,
we need to add inclusion criteria that align with this require-
ment.

Let’s consider the following factors:

1) Catalyst Type: The root prompt asks for metallic catalysts,
so we don’t need to change the type of catalyst. However,
to narrow down our search, we could specify a subclass
of metallic catalysts that are known to be effective in this
reaction. For example, transition metal catalysts such as
copper, zinc, and palladium are known to be active in CO2
to methanol conversion.

2) Inclusion Criteria: Since we’re looking for catalysts that
exhibit high activity for the CO2 to methanol conversion
reaction, we should include this as a criteria. We might
also want to include catalysts that are stable under reaction
conditions and have a high selectivity towards methanol.

3) Exclusion Criteria: Since we’re looking for metallic cata-
lysts, we can exclude non-metallic catalysts. Additionally,
we might want to exclude catalysts that degrade quickly or
are toxic.

4) Relationship to Candidate List: We’re looking for cat-
alysts that are similar to those in our candidate list. This
means they should have similar properties and performance
in the CO2 to methanol conversion reaction.

Here are my suggestions:

- Catalyst Type: [“’transition metal catalysts”] - Inclusion
Criteria: [“high activity in CO2 to methanol conversion”,
”stability under reaction conditions”, high selectivity to-
wards methanol”’] - Exclusion Criteria: [’non-metallic cat-
alysts”, ”quickly degrading catalysts”, toxic catalysts™] -
Relationship to Candidate List: [’similar to”]

This way, we can find catalysts that are not only similar
to those in our candidate list, but also meet the specific
requirements of the root question.

Catalyst Type: ["metallic catalysts"]

Inclusion Criteria: ["commercial viability",
"high resistance to CO poisoning"]

Exclusion Criteria: []

Catalyst Type: ["metallic catalysts"]

Inclusion Criteria: ["commercial viability",
"high resistance to CO poisoning"]

Exclusion Criteria: [“low catalytic activity for the
CO2 to methanol conversion reaction”]

Energy landscape

Catalyst Type: ["noble metallic catalysts"]

Inclusion Criteria: ["commercial viability",

"high resistance to CO poisoning"",
"ability to dissociate CO2 into CO and O"]

Exclusion Criteria: [“low catalytic activity for the
CO2 to methanol conversion reaction”]

reaction_pathway

candidate
*  Copper (Cu)
Palladium (Pd)
Ruthenium (Ru)
*  Nickel (Ni)
Cobalt (Co)
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« Each node in the search tree executes

Q: What are the top three catalysts for the reverse water 2400-3200 GNN inferences

gas reaction? Let’s think step-by-step... . . .
A: Pt Pd. Ru. Because.. We use caching to avoid duplicate calls

Q: What are the top three catalysts like Pt, Pd, Ru for
the RWGS reaction? Include catalysts with [low
cost].

A: Cu, Ni, Co. Because...

Q: Provide three metal oxide catalysts that include Cu, Ni,
Co for the reverse water gas reaction. Consider catalysts
with [low cost, high activity].

A: NiO, NiCuO, Co304. Because...

 Each node in the search tree executes 2-3
LLM inferences

» 400-600 inferences per search tree

 \We use parallel beam search with
asynchronous LLM calls
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See [https://sites.google.com/view/aidhydronet/home] for details




% Vision for Future: Heterogeneous Computing-
Northwest  driven Computational Pipeline
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« ChemReasoner represents an emerging class of Al systems (Compound Al)
that are promising to build on the foundation of Large Language Models

* Initial studies demonstrate that the integration of Generative Al and
Computational Chemistry can outperform pure LLM (such as GPT-3.5 and
GPT-4) based approaches

« Such systems involve heterogeneous computing workload with distinct scaling
characteristics
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« Scaling Atomistic Neural Network Potentials: https://sites.google.com/view/ai4hydronet/home

« ChemReasoner: https://github.com/pnnl/chemreasoner/
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Questions?
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