


CLIMATE CHANGE



FUNCTIONAL MATERIALS

CO2 Capture

https://doi.org/10.1039/C5EE02660A

https://doi.org/10.1063/10.0036743



MATERIALS MANUFACTURING TIMESCALE

Idea/Design        Synthesis        Testing      Manufacturing

> 10 Years
> £10M



UNIVERSE OF MOLECULES

# Chemical Compounds = # Stars in the Universe x 2 

Building/Lego Blocks



TECHNOLOGY INNOVATION

Algorithms

Autonomous Robots

Experiments



MOBILE ROBOTIC CHEMIST

BBC News Feature, July 2020:  www.youtube.com/watch?v=WBwZp5Bg2L8



TECHNOLOGY INNOVATION

Algorithms

Autonomous Robots

Experiments



CHEMICAL DISCOVERY – OPTIMISATION

No analytic formula Hydrogen production Reaction yield Organic solid-state lasers

High-dimensional

Not continuous

Non-convex

Active 
Learning



11 catalyst formulation components
à 98.4 M possible combinations

H2 PRODUCTION OPTIMISATION



GP-BASED BAYESIAN OPTIMISER

Batched Bayesian 
Optimization
“Black-box” optimization of an unknown 
function that is: 

o Discrete
o Parallel
o Constrained

How it works
1. Prescribe a prior belief (Gaussian)
2. Calculate the posterior probability
3. Use an acquisition function based on the 

posterior
4. Sample the acquisition function according 

to the batch size



BAYESIAN OPTIMISER

Search Space

Did a PhD (in experimental load),
 within a week!

1 2 3 4 5 6 70Day



BAYESIAN OPTIMISER

Search Space



Smoother Representation 
of Exploration Space Focus on Fruitful Regions Faster Navigation

LOOKING FOR NEEDLES IN A HAYSTACK
npj Comput Mater 9, 79 (2023)



KNOWLEDGE INJECTION

Algorithms

Autonomous Robots

Experiments

Computational 
& ML Models

LLM Agents

Human Knowledge



Sequential Multi-Model-based 
Optimisation

Dataset

Surrogate Model 1 Surrogate Model 2

Acquisition Function

𝑝!(𝑦|𝒙, 𝐷)

𝑝"(𝑦|𝒙, 𝐷)

𝒙! = 𝑎𝑟𝑔𝑚𝑎𝑥𝒙∈𝒳	𝑎(𝒙, 𝑝% 𝑦 𝒙, 𝐷 , 𝑝&(𝑦|𝒙, 𝐷))

{𝒙# , 𝑦#} ∪ 𝐷𝑎𝑡𝑎𝑠𝑒𝑡

ML-ENRICHED RESPONSE SURFACES
ECAI ‘23

BO 
acquisition

domain knowledge 
acquisition

mean and uncertainty 
of ML model

dynamic weight

Different ML models capture different underlying 
structure of the function landscape

RF

LR



Original Ackley GP Surface RF Surface GP+RF Surface

ML-ENRICHED RESPONSE SURFACES

H2 Production
Optimisation



BO DOES NOT UNDERSTAND CHEMISTRY

Serendipity

Gut feeling

Experience

Creativity

Wisdom

Context • Dyes will have a positive effect
 

• AR87 was successful with 
other related photocatalysts 

[Wang et al., 2018] 



HYPOTHESIS BAYESIAN OPTIMISATION
IJCAI ‘24

‘Tapping’ into promising regions in 
the parameter space

‘Soft’ box constraints

Hypotheses Subspaces 

𝑓 is approximated in each hypothesis 
subspace by a local GP model:

Local GPs

Global GP



Key Concept: Use of expert hypotheses to generate improved seed points.

Upper Level: Global search using vanilla BO to 
find the maximum of the target function

Lower Level: Local search within hypothesis 
subspaces to find the promising seeds.

BI-LEVEL OPTIMISATION



• HypBO on Ackleyd9 with three different mixtures of hypotheses of various 
qualities.

• Colored sample points came from the hypotheses (lower level) while the 
grey ones came from the upper level.

y

HypBO



Dye Sceptic Dye Fanatic Scavenger
Obsessive

pH Fanatic Halophile Halophobe Surfactant
Sceptic

H-bond
lover

AR87 
Obsessed

+
Correct Wrong Wrong

Partly 
Correct

Partly 
Correct NeutralNeutral Correct Wrong

H2 EXAMPLE
HypBO

DBO



Dye Sceptic

+
Correct

H2 EXAMPLE
HypBO

DBO



GPT GENERATED HYPOTHESES

Hypotheses

Patterns

Literature

Database

Chat GPT



LANGUAGE BO ASSISTANT (BORA)

HypothesesNaïve

Hybrid Optimisation

GPT 4o mini

Next experiment

IJCAI ’25

BO
Experiment card

LLM Hypothesis



LANGUAGE BO ASSISTANT (BORA)
Actions

1. Naïve BO

2. LLM Comments and Suggests new points

3. LLM Comments and Selects points from BO 

Adaptive Heuristic Policy

Workflow

Subject to 
LLM Trust



LANGUAGE BO ASSISTANT (BORA)



H2 PRODUCTION



BORA AS A SCIENCE OPTIMISER

Sugar Beet



HOW TO AUTOMATE CHEMISTRY?

WHAT CHEMISTRY TO AUTOMATE?



Reaction Generalisation Hydrogen Production 22-D

B  RA

14 Light absorbers
5 Surfactants

3 Sacrificial agents

BONaïve
HypBO

BORA AS A GENERAL TOOL

B  RA



HYBRID INTELLIGENCE

Domain knowledge

Bayesian Optimisation

Chemistry Automation



OPEN CHALLENGES
Multi-fidelity BO LLM Chemistry Conceptualisation

HITL 
Data Visualisation
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