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This presentation – elaborated by LAURELIN Consortium partner 
University College London (UCL) – serves as a training material to develop 

the next generation of stakeholders in the field of catalyst research. 

This material falls under Objective 11 of the LAURELIN Grant Agreement. 

For any question related to this training material, its content and/or other related questions please 
contact the LAURELIN Consortium. 
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Schematic overview



CO2 utilisation
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Outlet for captured CO2

M. Moss et al, Front. Energy Res., 2017, 5:20, doi: 
10.3389/fenrg.2017.00020

https://www.co2.earth/daily-co2 
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Green methanol
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Methanol could influence 
global CO2 levels

U. Mondal et al, Green Chem., 2021, 23, 8361

❑ Need to capture an additional 10 gigatons 
of CO2 every year before 2050 

❑ Produce 110 megatons of methanol every 
year

❑ If all methanol was made from captured 
CO2 this would use 1.5% of required 
captured CO2

National Academies of Science
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Catalytic challenges
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Low temperature or supress 
RWGS needed

Liu et al, Ind. Eng. Chem. Res., 2003, 25, 6530

❑ CO2 + 3H2  CH3OH + H2O   ΔH298K = -49.5 kJ/mol

❑ CO2 + H2  CO + H2O  ΔH298K = +41.2 kJ/mol

❑ Better CO2 conversion at high temperatures, 

but selectivity goes towards CO.
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Current methanol production
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❑ Cu-ZnO/Al2O3 is the primary methanol catalyst from syngas (CO/CO2/H2)

Typically Cu:Zn = 7:3, with 10 wt% Al2O3

50-100 bar, 200-300 oC  (Behrens et al, Science, 2012, 336, 893)

❑ Can be used for CO2 hydrogenation, but significantly worse conversion.

Equilibrium methanol yield from CO at 200 oC is 80%

Equilibrium methanol yield from CO2 at 200 oC is < 40%

❑ Challenging to use pure CO2 feedstock? (Arakawa et al, Stud. Surf. Sci. Catal., 1998, 114, 19)
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Cu-ZnO issues – RWGS
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Cu/Zn systems have high 
RWGS selectivity

Dong et al, Appl. Catal. B: Env., 2016, 191, 8
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Cu-ZnO issues – Stability
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Cu sintering leads to 
deactivation

Martin et al, Angew. Chem. Int. Ed., 2016, 55, 
6261

Kurtz et al, Catal. Lett., 2003, 86, 77
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In2O3 as an alternative
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In2O3 has very high 

methanol selectivity

❑ Common methanol steam reforming 
(MSR) catalyst:

CH3OH + H2O  3H2 + CO2

❑ Highly selective for methanol 
formation from CO2, but low activity:

Martin et al, Angew. Chem. Int. Ed., 2016, 55, 
6261
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In2O3 
forms
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Two In2O3 surfaces to consider

❑ Two common In2O3 planes investigated in cubic Bixbyite.

❑ 111 is more thermodynamically stable, but 110 is more active.

Cao et al, ACS Catal., 2021, 3, 1780
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In2O3 mode of activity
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Indium vacancies lead 
to activity

Ye et al, ACS Catal., 2013, 6, 1296

❑ Surface defects on In2O3 lead to 
In2O3-x, making it an n-type 
semiconductor.

❑ This creates binding opportunities for 
CO2 leading to possible intermediate 
species.

❑ Too many vacancies lead to In0, and 
deactivation.
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In2O3 mechanism
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Range of intermediates 
possible

Frei et al, J. Catal., 2018, 361, 313
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In2O3 mechanism
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Range of intermediates 
possible

Frei et al, J. Catal., 2018, 361, 313
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Pd-In2O3
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Pd improves methanol 
production

❑ Pd improves In2O3 performance, but 
still debate on why?

❑ Bimetallic PdIn phases known to 
form, but unsure if these help or 
hinder.

❑ Help:

Snider et al, ACS Catal., 2019, 9, 3399

❑ Hinder:

Rui et al, Appl. Catal. B, 2017, 218, 488
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Pd-In2O3 synergy
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Pd increases amount of 
oxygen vacancies

Rui et al, Appl. Catal. B, 2017, 218, 488
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Pd-In2O3 synergy
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PdIn hinders hydrogen 
dissociation

Rui et al, Appl. Catal. B, 2017, 218, 488
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LAURELIN aims at
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❑ Probe the mechanism and kinetics of methanol formation

❑ Design new operando characterisation tools to probe reactions

❑ Operando imaging to follow activation and deactivation phenomena

Catalyst
synthesis

Catalyst
testing

Characterisation

High pressure DRIFTS

High pressure EXAFS

Operando XRD
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Laurelin Project
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Schematic overview of the LAURELIN Consortium



Laurelin Project
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Schematic overview of the main innovations of the project
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MORE INFORMATION:
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