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Preface
August 29, 2024

Dear Participants,

We are delighted to introduce the event:

“CATCOSY 2024. A Meeting Facing Challenges on Subnanometric Metal and Metal-Oxide Catalysts and
Photocatalysts”

CATCOSY is a meeting framed within the COST (European Cooperation in Science and Technology) Action
CA21101: Confined Molecular Systems: From a New Generation of Materials to the Stars (“COSY”). It is
directed at established researchers, post-doctoral researchers, and PhD and Master students, who are
interested in subnanometric science, especially in the synthesis, characterization and molecular-level
understanding of transition-metal and metal-oxide (photo)catalysts on the (sub)nanoscale. The meet-
ing leverages the strategic position of the “COSY” network in the synthesis of atomically precise metal
clusters of nano- and sub-nanometer sizes in various environments (gas-phase, solution, within helium
nanodroplets, and in biologically relevant media) and their characterization via experimental methods
(e.g., infrared and X-ray absorption spectroscopy and scanning transmission electron microscopy) as
well as state-of-the-art computational methods (ab initio, density functional theory - DFT - and molec-
ular dynamics).

This meeting has been conceived as an opportunity for active networking between action members as
well as external experts with complementary and highly diverse expertise. It emphasizes the need to
combine advanced computational tools with experimental synthesis and characterization techniques,
focusing on building fundamentals in connecting model metal and metal oxide (photo)catalysts with the
‘real world’ of nanotechnology, based on the perspective that only processes that are fundamentally well
understood can be controlled (see Memorandum of Understanding of the “COSY” COST Action). In this
way, the meeting addresses challenging aspects such as:

1. The use of helium nanodroplets as an ultra-cold, chemically inert confining environment, to syn-
thesize and study metal and metal oxide clusters, including charged helium droplets and the in-
teraction of these clusters with small molecules and polycyclic aromatic hydrocarbons (PAHs) of
catalytic relevance.

2. Bare atomically precisemetal clusters of up to 10 atoms can now be synthesized in solution through
electrochemical methods with kinetic control. The special chemical and physical properties of the
smallest metal clusters are yet to be unveiled and understood.

3. The development of frameworks that combine different experimental, computational, and theo-
retical methods for characterizing surface-supported atomically precise metal clusters of sub-
nanometer size is needed. This includes infrared and X-ray absorption spectroscopic techniques
as well as the most advanced scanning transmission electron microscopy tools.

4. The characterization of the stability and catalytic properties of surface-supported atomically pre-
cise metal clusters as a function of their composition, size, structural fluxionality, and surface
modifications in different thermodynamical conditions (temperature and pressure), including un-
supported and surface-supported naked clusters in the gas phase and ligand-protected, atomically
precise metal clusters in solvent environments.

5. Combining static and dynamic computational approaches to understand and characterize the chem-
ical reactions of metal and metal oxide clusters in solvents, aiming to extend these insights into
the complex environments of soft matter and bio-macromolecular systems.



6. Understanding the mechanisms of chemical processes involved in the oxidation of metal sul-
fide crystalline surfaces, and characterizing properties of the subnanometric metal-oxide clusters
formed as products of these reactions through both experimental and theoretical approaches.

7. Understanding the nature of cluster–support (cluster–cluster) interactions at themolecular-level is
essential for optimizing (photo)catalyst performance and designing novel catalysts with improved
properties. Ab initio methods that can be applied to open-shell metal cluster–support (cluster–
cluster) interactions are necessary. Besides complementing state-of-the-art dispersion corrected
DFT approaches, they serve to develop inter-atomic potential models that can be applied to study
the molecular dynamics of supported metal clusters (e.g., diffusion and aggregation processes) on
the nanosecond scale.

8. Ab initio molecular dynamics (AIMD) is vital for studying subnanometric metal and metal-oxide
clusters, providing insights into their dynamic behavior and reactivity at the atomic level. These
simulations are crucial for understanding catalytic processes and time-dependent properties. How-
ever, AIMD demands significant computational resources, limiting the scope of simulations. To
mitigate these challenges, GPU and machine-learning (ML) accelerators have been developed, en-
hancing computational speed and reducing costs. Despite these advancements, further optimiza-
tion of MD simulation codes for GPU usage and improvements in ML model transferability are still
needed.

9. Conical intersections play an important role on the (photo)stability, (photo)reactivity, and struc-
tural fluxionality of supported metal clusters on the sub-nanoscale. Describing these conical
intersections represents a significant challenge for the current state-of-the-art in theoretical-
computational modeling. Work is necessary to make it possible using multistate ab initio theory
followed by multistate quantum or semi-classical non-adiabatic descriptions of the underlying dy-
namics.

10. Recent research has unveiled the formation of polaronic states on transition metal oxide surfaces
upon decoration with atomically precise metal clusters. The characterization of the catalytic prop-
erties of these metal clusters-induced surface polarons remains a largely unexplored area.

11. For the functionalization of subnanometric metal clusters as photocatalysts, three challenging top-
ics bearing significant social-economic impact are 1) the design of photocatalysts for applications
such as water purification (i.e., degradation of organic pollutants), with an emphasis on their viable
production, 2) the sunlight-induced decomposition of greenhouse gases (e.g., CO2), and 3) the hy-
drogen photoproduction fromwater. There is a need to combine advanced computational tools with
experimental synthesis and characterization techniques to effectively address these challenges
while achieving a better understanding of the underlying mechanisms.

The scientific program comprises 7 sessions, with 14 lectures, 10 hot topic presentations, and 14 poster
presentations. An “Open Discussion” (Round Table) session is scheduled at the end of the meeting.

We are thankful to the COST Association and our sponsor, the journal “Physical Chemistry Chemical
Physics” from the Royal Society of Chemistry, for having supported us in organizing this event. In par-
ticular, we extend our heartfelt thank to our COST Action CA21101 ”COSY” for having provided the funding
and to our Grant Holder Institution (The Universidad de Cádiz), specially our Scientific Grant Holder Rep-
resentative, Juan Carlos Hernández-Garrido, for their administration. We are also thankful to our host
institution (CSIC) and in particular the Protocol Department at Central CSIC, the “Centro de Física Miguel
Antonio Catalán”, and the “Institute of Fundamental Physics” (IFF) at Madrid, for their human and logistic
resources. The Fundación Española para la Ciencia y la Tecnología (FECYT), the Ministerio de Ciencia,
Innovación y Universidades, and the COST National Coordinator, Noelia Romero López, are thankful for
all the support provided to our “COSY” COST Action. And last but not least, we would like to express our
gratitude to all of you, the participants of this meeting, for your invaluable contributions.



We welcome all of you to Madrid and wish a very pleasant stay and plenty of interesting scientific dis-
cussions.

The Organizers (AbinitSim Unit, IFF-CSIC),

María Pilar de Lara-Castells, Chair of the COST Action CA21101 “COSY”
Lenard L. Carroll
Katarzyna M. Krupka



 

Madrid (CSIC), 26-27 September 2024 

 
Organizing Committee: María Pilar de Lara-Castells – Chair of the COST Action CA21101,  

Lenard L. Carroll, Katarzyna M. Krupka 
 

Invited speakers presenting invited lectures have a total of 30 minutes for their presentation. 
Invited speakers presenting hot topic presentations have a total of 15 minutes. Speakers 
presenting flash poster presentations have a total of 2 minutes (2 slides). A poster session is 
taking place on Thursday afternoon (26 September). Material to fix your poster such as 
adhesive tapes or pins will be provided. All participants are encouraged to prepare 1-2 slides 
to be presented during the round table discussion on Friday afternoon (27 September), 
showcasing their ideas for potential collaborative projects. 

Meeting Venue: 
“Salón de Actos” Serrano 117 (Lectures – 26 September), Center of Physics “Miguel Antonio 
Catalán”: “Claustro” Serrano 123 (Coffee Breaks and Poster Session) and “Sala de Prensa” 
Serrano 113 (Lectures – 27 September), “Residencia de Estudiantes” Pinar 21-23 
(Accommodation and Lunches for participants staying at the "Residencia de Estudiantes”), 
“Cafetería Comedor” Serrano 117 (Lunches), Consejo Superior de Investigaciones Científicas  
 
 

PROGRAM 
Thursday 26th September  
_________________________________________________________________________________________________ 
 
8.30 – 9.00 Registration 
 
9.00 – 9.15 Welcome and Introduction by María Pilar de Lara-Castells (AbinitSim Unit, 

Institute of Fundamental Physics, CSIC, Chair of the COST Action CA21101)  
 and Wolfgang E. Ernst (Institute of Experimental Physics, Graz University of 

Technology, Associate Editor of RSC PCCP) 
 
Session 1 – “Synthesis and applications” 
 
Chair:  María Pilar de Lara-Castells (AbinitSim Unit, Institute of Fundamental Physics, 

CSIC, Chair of the COST Action CA21101)                                                            
   
9.15 – 9.45 Wolfgang E. Ernst (Institute of Experimental Physics, Graz University of 

Technology) – Invited Lecture 
 Metal and Metal Oxide Clusters Created in the Confinement of Helium Droplets 
 
9.45 – 10.15 M. Arturo López-Quintela (iMATUS, University of Santiago de Compostela) – 

Invited Lecture 
 Exceptional catalytic properties of Ag and Cu pentamers 
 
10.15 – 10.45 Paul Scheier (Institut für Ionenphysik und Angewandte Physik, Universität 

Innsbrück) – Invited Lecture 
 Properties and Applications of Charged Helium Droplets 
 
10.45 – 11.15 Coffee Break 
 
 
  
 
 



Session 2 – “Characterization” 
 
Chair:  Lyudmila V. Moskaleva (Department of Chemistry, University of the Free State)                                                            
   
11.15 – 11.45 María J. López (Departamento de Física Teórica, Átomica y Óptica, University of 

Valladolid) – Invited Lecture 
 Infrared spectra, structures and deuterium adsorption on C60Rhn

+ complexes 
 
11.45 – 12.15 Félix G. Requejo (Instituto de Investigaciones Fisicoquímicas Teóricas y 

Aplicadas (INIFTA), CONICET – FCE – UNLP) – Invited Lecture 
 In situ characterization of small atomic clusters using X-ray absorption 

spectroscopy 
 
12.15 – 12.45 Juan Carlos Hernández-Garrido (Instituto de Microscopía Electrónica y 

Materiales (IMEYMAT), Universidad de Cádiz) – Invited Lecture 
 Advanced STEM methods, including single atom imaging, high precision 

analysis, and in-situ electron microscopic methods for the characterization of 
catalytic nanomaterials 

 
Session 3 – “Catalysis” 
 
Chair:  Alessandro Fortunelli (CNR-ICCOM&IPCF, Italian National Research Council)                                                            
 
12.45 – 13.15 Stefan Vajda (J. Heyrovsky Institute of Physical Chemistry of the Czech 

Academy of Sciences) – Invited Lecture 
 Copper-Palladium Tetramers and Pentamers in Oxidative Dehydrogenation 

Reactions: Altering Catalyst Performance by Changing Cluster Size & 
Composition Atom a Time   

 
13.15 – 13.45 Lyudmila V. Moskaleva (Department of Chemistry, University of the Free State) 

– Invited Lecture 
 Exploring the Surface Properties and Catalytic Behavior of Nanoporous 

Gold: A Computational Study 
 
13.45 – 14.15 Noelia Barrabés (Institute of Materials Chemistry, TU-Wien) – Invited Lecture 
 Tuning catalytic activity by controlling and understanding the cluster-ligand-

support interface 
 
14.15 – 14.30 Johannes Reichegger (Institut für Ionenphysik und Angewandte Physik, 

Universität Innsbrück) – Invited Hot Topic Presentation 
 Investigation of the reactivity of gold clusters via He tagging spectroscopy 
 
14.30 – 15.45 Lunch 
 
Session 4 – “Dynamics and excited states” 
 
Chair:  Berta Fernández-Rodríguez (Department of Physical Chemistry, University of 

Santiago de Compostela)                                                            
   
15.45 – 16.15 Leticia González (Institute of Theoretical Chemistry, Faculty of Chemistry, 

University of Vienna) – Invited Lecture 
 Characterization of a Manganese-Vanadium Water Oxidation Catalyst: from 

Solution to a Soft-Matter Environment 
 
16.15 – 16.30 Alexandre Zanchet (Institute of Fundamental Physics, CSIC) – Invited Hot Topic 

Presentation 
 Electronic structure of the smallest iron carbide: FeC 
 
 



16.30 – 16.45 Yeha Lee (Laboratory of Theoretical Physical Chemistry, Institut des Sciences 
et Ingénierie Chimiques, Ecole Polytechnique Fédérale de Lausanne (EPFL)) – 
Invited Hot Topic Presentation 

 Nonadiabatic dynamics in the reversible oxidation of Cu5 clusters 
 
16.45 – 17.20 Flash Poster Presentations (in alphabetical order): 
 
Chair:  Katarzyna M. Krupka (AbinitSim Unit, Institute of Fundamental Physics, CSIC)                                                            
 
 Alvaro Gallego de Roa (Departamento de Física de la Materia Condensada, 

Instituto ”Nicolás Cabrera” and Condensed Matter Physics Center (IFIMAC), 
Universidad Autónoma de Madrid) 

 Theoretical Investigation of Imidazole Derivatives Adsorption on an Ag(100) 
Surface to Evaluate Their Potential as Radiosensitizers 

 
 Estefanía Germán (Departamento de Física Teórica, Átomica y Óptica, 

University of Valladolid) 
 Computational prediction of a new two-dimensional material obtained by 

functionalization of boron graphdiyne layers with transition metal atoms 
 
 Yako Irusta Salles (Departamento de Química, Facultad de Ciencias, 

Universidad Autónoma de Madrid) 
 Theoretical study of the electronic properties of surfaces for catalysis 
 
 Sahar Mahnaee (Departamento de Física Teórica, Átomica y Óptica, University 

of Valladolid) 
 Separation of CO2/CH4 gas mixtures using nanoporous graphdiyne and boron-

graphdiyne membranes: influence of the pore size 
  
 Edgard Alejandro Miranda Sáenz (Department of Electrochemistry, 

Universidad Autónoma de Madrid) 
 Theoretical Study of Electroreduction of CO2 Using Metal-Doped Graphene 

Sheets with Metals 
  
 Luis M. Molina (Departamento de Física Teórica, Átomica y Óptica, University of 

Valladolid) 
 Structure and chemical reactivity of Pt-Zr binary nanoclusters 
 
 Sebastián Negrete Aragón (Nanophysics Lab, Centro de Física de Materiales 

CSIC/UPV-EHU) 
 Merging reactive molecular beams and XPS to simulate high pressure surface 

reactions 
  
 Emma-Rose Newmeyer (Department of Chemistry, Northwestern University) 
 Investigating Dilute Plasmonic Alloys for Photocatalytic Propane to Propylene 

Dehydrogenation 
 
 Junjie Shi (Institute of Materials Chemistry, TU Wien) 
 Rational design of Ceria mixed oxides supported Pt catalyst for Water Gas Shift 

Reaction: Engineering the O vacancy chemical environment 
 
 Saeed Sovizi (Faculty of Chemistry, Biological and Chemical Research Centre, 

University of Warsaw) 
 Synthesis and characterization of sub-nm clusters of MoO3 onto MoS2 basal 

planes 
 
 Mauro Stener (Dipartimento di Scienze Chimiche e Farmaceutiche, University 

of Trieste) 
 Peeking into the Femtosecond Hot-Carrier Dynamics Reveals Unexpected 

Mechanisms in Plasmonic Photocatalysis 
 



 Martin Šulka (Advanced Technologies Research Institute, Faculty of Materials 
Science and Technology in Trnava, Slovak University of Technology in 
Bratislava) 

 Adsorption and catalytic properties of doped aluminum clusters 
  
 Katarína Šulková (Advanced Technologies Research Institute, Faculty of 

Materials Science and Technology in Trnava, Slovak University of Technology in 
Bratislava) 

 Analyzing the nature of electron correlation in small metal clusters 
 
 Thantip Roongcharoen (CNR-ICCOM, and CNR-IPCF Consiglio Nazionale delle 

Ricerche) 
 Machine-Learning-Accelerated DFT Conformal Sampling of Catalytic 

Processes 
 
17.20 – 19.00 Poster Session with Coffee and Cakes 
 
 
Friday 27th September 
_________________________________________________________________________________________________ 
 
Session 5 – “Reactivity” 
 
Chair:  María J. López (Departamento de Física Teórica, Átomica y Óptica, University of 

Valladolid)  
 
9.00 – 9.30 Alessandro Fortunelli (CNR-ICCOM&IPCF, Italian National Research Council)) – 

Invited Lecture 
 Nanocluster Structures for the Oxygen Reduction Reaction 
 
9.30 – 9.45 Robert Szoszkiewicz (Faculty of Chemistry, Biological and Chemical Research 

Centre, University of Warsaw) – Invited Hot Topic Presentation 
 Oxidation, etching and MoOx phases/clusters onto MoS2 crystals 
 
9.45 – 10.00 Michele Reticcioli (Faculty of Physics and Center for Computational Materials 

Science, University of Vienna) – Invited Hot Topic Presentation 
 Characterization and Effects of Polarons on Oxide Surfaces via Machine 

Learning 
 
10.00 – 10.15 Johanna Y. Sandoval (Departamento de Física Teórica, Átomica y Óptica, 

University of Valladolid) – Invited Hot Topic Presentation 
 Single atom and single cluster transition metal catalysts supported on GDY and 

BGDY layers 
 
 
10.15 – 10.30 Daniel Farías (Departamento de Física de la Materia Condensada, Instituto 

”Nicolás Cabrera” and Condensed Matter Physics Center (IFIMAC), Universidad 
Autónoma de Madrid) – Invited Hot Topic Presentation 

 Simulating high-pressure surface reactions with molecular beams 
 
10.30 – 11.30 Coffee Break and Group Photo 
 
Session 6 – “Method Development” 
 
Chair:  José María Campos Martínez (Institute of Fundamental Physics, CSIC)                                                            
   
11.30 – 12.00 Berta Fernández-Rodríguez (Department of Physical Chemistry, University of 

Santiago de Compostela) – Invited Lecture 
 Towards the accurate description of interactions in metal clusters 
 
 



12.00 – 12.30 Kaido Sillar (Institute of Chemistry, University of Tartu) – Invited Lecture 
 Ab Initio Calculations of Chemically Accurate Molecule−Surface Interaction 

Energies 
 
12.30 – 12.45 Agnieszka Krzemińska (Institute of Physics, Lodz University of Technology) – 

Invited Hot Topic Presentation 
 Exploring Molecular Interactions in π → π* Excited States of Anisole 

Complexes Using Multiconfigurational SAPT 
 
Session 7 – “Overview” 
 
Chair:  Stefan Vajda (J. Heyrovsky Institute of Physical Chemistry of the Czech 

Academy of Sciences)                                                            
   
12.45 – 13.00 Lenard Leslie Carroll (AbinitSim Unit, Institute of Fundamental Physics, CSIC) – 

Invited Hot Topic Presentation 
 Subnanometric Metal Clusters: Catalytic Properties, Zeolite Encapsulation and 

Infrared Spectra, a DFT and AIMD Study 
 
13.00 – 13.15 Katarzyna M. Krupka (AbinitSim Unit, Institute of Fundamental Physics, CSIC) – 

Invited Hot Topic Presentation 
 A practical ab initio approach to open-shell metal cluster-support interactions 
 
13.15 – 14.30 Lunch 
 
14:30 – 16:00 Round Table – “Open Discussion” 
 
 A journey towards the molecular level understanding of metal and metal-oxide 

clusters down to the subnanometer scale 
Moderator: María Pilar de Lara-Castells (AbinitSim Unit, Institute of Fundamental Physics, 

CSIC, Chair of the COST Action CA21101) 
 
16:00 – 16:30      Coffee Break 
 
16.30 – 17.00 RSC Poster Prizes – Wolfgang E. Ernst (Associate Editor of RSC PCCP, 

Institute of Experimental Physics, Graz University of Technology) and Closing 
 

































































 
    

Theoretical Investigation of Imidazole Derivatives Adsorption on an Ag(100) Surface 

to Evaluate Their Potential as Radiosensitizers 

Álvaro Gallego-de-Roa1,3, Fernando Aguilar-Galindo1,2, Sergio Díaz-Tendero1,2,3  

1 Department of Chemistry, Universidad Autónoma de Madrid, 28049, Madrid, Spain  
2 Institute for Advanced Research in Chemistry (IAdChem), Universidad Autónoma de Madrid, 28049 

Madrid, Spain  
3 Condensed Matter Physics Center (IFIMAC), Universidad Autónoma de Madrid, 28049 Madrid, Spain  

alvaro.gallegod@estudiante.uam.es  

Cancer is one of the diseases that most concern doctors around the world, as more and more cases 

are diagnosed every year in all countries. In 2022, around 295,000 cases were registered in Spain, 

according to the Spanish Association Against Cancer (AECC). Another major problem associated with 

this disease is its treatments, because, although they are highly effective, they are painful and involve 

risks to patients' lives. That is why many scientists, especially experimental and theoretical chemists, 

have set themselves the challenge of proposing viable alternatives to deal with this disease. Recently, 

a novel treatment has emerged: radiosensitizers. These are chemical species that, combined with 

radiation, stimulate the elimination of cancerous tumors.1 In this work, we present a DFT theoretical 

study on the adsorption of imidazole derivatives to a silver metal surface, Ag(100), since it has been 

theorized that these molecules are suitable to serve as radiosensitizers.2 The silver surface aims to 

reproduce a silver nanoparticle, since nanoparticles have also been studied as possible 

radiosensitizers, since they are able to enhance the radiosensitivity of imidazole derivatives.2 Along 

with the adsorption positions of the molecules, we also analyze some interesting properties of the 

systems, such as charge transfer, which lead to a better understanding of the interaction between the 

molecules and the surface. This aids in predicting potential future applications of systems that 

integrate nanoparticles and small molecules as radiosensitizers.  

  
Figure 1. Side (left) and upper (right) view of 2-nitroimidazole adsorbed on Ag(100).  

  
 

References: 

1Gong, L., Zhang, Y., Liu, C., Zhang, M., & Han, S. (2021). Application of Radiosensitizers in Cancer Radiotherapy. 

International Journal of Nanomedicine, Volume 16, 1083–1102. https://doi.org/10.2147/ijn.s290438  
2Wang, H., Mu, X., He, H., & Zhang, X. (2018). Cancer Radiosensitizers. Trends in Pharmacological Sciences, 39(1), 

24–48. https://doi.org/10.1016/j.tips.2017.11.003  



 

 

Computational prediction of a new two-dimensional material obtained by 
functionalization of boron graphdiyne layers with transition metal atoms 

 
Estefanía Germán, Julio A. Alonso, María J. López 

 
Departamento de Física Teórica, Átomica y Óptica, University of Valladolid,47011, Valladolid, Spain 

 
estefania.german@uva.es 

 
Decoration of hexagonal boron graphdiyne (BGDY) layers by adsorption of transition metal atoms of 
Nickel has been investigated by density functional calculations. For one, two and three metal atoms 
per hexagon, the BGDY structure is maintained. Decoration with six metal atoms leads to the formation 
of a novel two-dimensional material (BGDY-Ni) in which the hexagonal structure is heavily distorted. 
Atomic decoration of BGDY with six metal atoms is more stable than adsorption of six-atom clusters 
on the original BGDY layers. BGDY-N is a semiconductor with a small band gap that can be useful for 
infrared detectors. The electronic bands of BGDY-Ni near the Fermi level show some cone-like 
features like those in graphene, with large band curvatures, and quite low effective masses of 
electrons and holes, making the material promising for semiconductor technologies. The work shows 
that computer simulation helps to discover new materials by functionalization of layered carbon 
materials with metal atoms. 
 
 

 
Figure 1. New phase of BGDY-Ni, promising material for semiconductor technologies. From left to 

right, structure, brown, green and orange spheres represent C, B, ad Ni atoms, respectively, spin up 
(red) and spin down (black) electronic bands, and Density of States (green and orange filled areas 

are DOS projected over the Ni atoms). 
 
Work supported by Ministerio de Ciencia e Innovación of Spain MCIN/AEI/10.13039/501100011033 and 
FSE+(Grant PID2022-138340OB-I00). 
 



 

 

Theoretical study of the electronic properties of surfaces for catalysis 
 

Yako Irusta Salles1, Marco Bernabei2, Héctor Lozano2, Guillem Revilla2, Fernando Aguilar-Galindo1, 
Sergio Díaz-Tendero1 

 
1Universidad Autónoma de Madrid, Facultad de Ciencias, Departamento de Química, Madrid, Madrid 

2TechLab – Madrid 
 

yako.irusta@inv.uam.es 
 
Due to the large increase in energy consumption, alternative methods are being researched to find 
new ways of clean and efficient energy storage. Hydrogen fuel cells are one of the most promising 
candidates for clean energy due to its abundance. One of the main problems with hydrogen energy 
comes from its high-cost production. It is important to find new catalysts which can produce large 
quantities of hydrogen reducing the production cost. For this reason, we will study the electronic 
properties of different surfaces for catalytic applications. We will make calculations based of density 
functional theory to comprehend the adsorption mechanisms on different surfaces. We will also study 
the electronic properties and the charge density for the different configurations. Finally, theoretical 
calculations of the surface energies and Wulff construction will be made to determine the shape and 
sizes of the nanoparticles. 
 

 
 

Figure 1. Trends in oxygen reduction activity plotted as a function of the oxygen binding energy.1 

 
The results shown are from different surfaces where adsorption energies have been studied and 
surface reconstructions have been optimized to determine wulff shape of the nanoparticles. 
 
Conclusions of this work will be made for the surfaces studied and potential catalytic applications. 
 
 
 
References:  

1Nørskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L. R. K. J.; Kitchin, J. R.; Bligaard, T.; Jonsson, H. Origin of 
the overpotential for oxygen reduction at a fuel-cell cathode. J. Phys. Chem. B 2004, 108(46), 17886-17892. 
2Czekaj, I.; Wambach, J.; Kröcher, O. Modelling catalyst surfaces using DFT cluster calculations. Int. J. Mol. Sci. 
2009, 10(10), 4310-4329. 
 



 

 

Separation of CO2/CH4 gas mixtures using nanoporous graphdiyne and boron-
graphdiyne membranes: influence of the pore size 

 
 

 
 

 
sahar.mahnaee@uva.es 

 
Nanoporous carbon-based membranes have garnered significant interest in gas separation 
processes owing to their distinct structure and properties. We have investigated the permeation and 
separation of the mixture of CO2 and CH4 gases through membranes formed by thin layers of porous 
graphdiyne (GDY) and boron graphdiyne (BGDY) using Density Functional Theory. The main goal is to 
investigate the effect of the pore size. The interaction of CO2 and CH4 with GDY and BGDY is weak, and 
this guarantees that those molecules will not be chemically trapped on the surface of the porous 
membranes. The permeation and separation of CO2 and CH4 through the membranes are significantly 
influenced by the size of the pores in the layers. The size of the hexagonal pores in BGDY is large in 
comparison to the size of the two molecules, and the passing of these molecules through the pores is 
easy because there is no barrier. Then, BGDY is not able to separate CO2 and CH4. In sharp contrast, 
the size of the triangular pores in GDY is smaller, comparable to the diameter of the two molecules, 
and this raises an activation barrier for the crossing of the molecules. The height of the barrier for 
CO2 is one half of that for CH4, the reason being that CO2 is a linear molecule which adopts an 
orientation perpendicular to the GDY layer to cross the pores, while CH4 has a spherical-like shape, 
and cannot profit from a favorable orientation. The calculated permeances favor the passing of CO2 
through the GDY membrane, and the calculated selectivity for CO2/CH4 mixtures is large. This makes 
GDY a very promising membrane material for the purification of commercial gases and for the capture 
of the CO2 component in those gases. 
 

 
 

Figure 1. Permeance of CO2 and CH4 through GDY 
 
To perform the calculations, we have employed the Kohn-Sham DFT method as implemented in the 
Quantum Espresso computational package.1 The Perdew-Burke-Ernzerhof (PBE) generalized gradient 
(GGA) functional was used for electronic exchange-correlation effects. The interaction between 
valence and core electrons was described by Projector-Augmented Wave (PAW) pseudopotentials, 
and dispersion interactions effects were included using Grimme’s DFT-D3 method. 
 
Work supported by Ministerio de Ciencia e Innovación of Spain MCIN/AEI/ 10.13039/501100011033 and 
FSE+(Grant PID2022-138340OB-I00). S.M. acknowledges doctoral grant from Valladolid University. 
 
 
 
References:  

1https://www.quantumespresso.org (accessed 19 February 2024). 

Sahar Mahnaee, María J. López and Julio A. Alonso

Departamento de Física Teórica, Atómica y Óptica, Universidad de Valladolid



 

 

 

Theoretical Study of Electroreduction of CO2 Using Metal-Doped Graphene Sheets 
with Metals 

 
Edgard Alejandro Miranda Sáenz1, Juan Ramón Avíles Moreno1, and Pilar Ocón Esteban1 

 
1Autonomous University of Madrid, Department of Electrochemistry, Madrid, Spain 

 
edgard.miranda@estudiante.uam.es 

 
This study addresses high CO2 emissions from fossil fuels and their ecological impact. We explore CO2 
capture and electroreduction, focusing on theoretical pathways to produce high value products like 
CO using a copper- and tin-doped graphene catalyst. Conformational studies, comparative analyses, 
and thermodynamic calculations at the B3LYP/LANL2DZ level in gas and aqueous phases indicate a 
high predisposition for CO formation. Different routes, leading to different products, have been 
considered. The ’c’ route produces CO through a less favorable radical cation pathway, while the 9.a 
route transforms the CO2 radical anion into COOH before reducing to CO. 
 

 
 

Figure 1. CO2 electroreduction pathways with Cu-Sn graphene for the production of CO 
in three stages in gas phase: Route c, Route 9.a, and Route a. The most stable route is 

the ’a’. 
 
Although other products like CH4, CH3OH, and HCOO- are considered,1 CO is prioritized due to higher 
concentrations observed by the UAM Electrochemistry Group. 
 
 
 

References:  

1Nitopi, S.; Bertheussen, E.; Scott, S. B.; Liu, X.; Engstfeld, A. K.; Horch, S.; Chorkendorff, I. Progress and 
perspectives of electrochemical CO2 reduction on copper in aqueous electrolyte. Chem. Rev. 2019, 119(12), 7610-
7672. 



 

 

Structure and chemical reactivity of Pt-Zr binary nanoclusters 
 

Luis M. Molina, Daniel Olea, and Julio A. A1onso 
 

Departamento de Fisica Teorica, Atomica y Optica, Universidad de Valladolid, Spain 
 

lmolina@uva.es 
 
The high binding energy of CO at platinum nanoclusters can result in poisoning effects, a major 
problem during a variety of oxidation reactions. One interesting way to solve this problem is doping 
these clusters with small quantities of other metals, to induce a weakening of the CO-Pt bonds. In this 
contribution, using DFT we have studied both the structure and chemical reactivity of platinum clusters 
doped with approximately 25% of Zr atoms (Pt3Zr). At this concentration, a very stable alloy is formed. 
After performing an extensive study for the structure of clusters with varying sizes, we have chosen 
the Pt9Zr3 cluster to simulate the adsorption of oxygen and carbon monoxide, and their reaction to 
form CO2. The results show that the presence of Zr greatly enhances tendency towards a complete 
oxidation of the cluster. Also, it causes sizable changes to the CO binding energies at the Pt sites. 
Finally, the interaction between CO and adsorbed oxygen takes place with moderate barriers, 
indicating that these clusters will be active for the CO oxidation reaction. 
 

 
 

Figure 1. Relaxed structures for adsorption of O2, CO and H2O at Pt9Zr3 cluster. 
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Relevant catalytic reactions are studied by exposing the surface of interest to high-pressure gas 

environments. These include the reduction of greenhouse gases, such as CO2 and CH4 on metal 

surfaces. The ultimate reason for the high-pressure needed in such reactions is the reduced number 

of molecules within the random gas that possess enough energy to overcome the activation barrier of 

the elementary chemisorption/dissociation step (Fig. 1. (a)). However, the high pressure represents a 

challenge to carry out research in realistic operando conditions since the most powerful surface 

sensitive techniques, such as X-ray photoemission spectroscopy (XPS) have the optimum performance 

in ultra-high vacuum (UHV) conditions.  

An alternative to investigate high activation barrier reactions with XPS in UHV consists of using a 

molecular beam (MB), which is a collimated stream of gas formed by the supersonic expansion from 

a high-pressure gas source. The resulting beam of molecules has a well-defined translational energy 

that can be tuned readily, and as well as a narrow energy spread (10%) (Fig. 1. (b)). These properties 

translate into a scenario in which using a standard MB tuned to match the activation energy of, e.g., 0.6 

eV (CO2 on Cu), would be sufficient to achieve reaction rates that would otherwise require pressures 

over 20 bar. 1 

  

Figure 1. (a) Molecule–surface interaction potential for an activated chemisorption process with Eact 
barrier height and 𝐸𝑘𝑖𝑛 molecular energy. (b) Normalized probability distribution of molecular 

energies for a random, Maxwell–Boltzmann gas at 300 K, versus a monochromatic, supersonic 
molecular beam. 1 



 
 

  

We have implemented an UHV system that enables the simultaneous use of MB and XPS, so that in 

gas/surface reactions the gas phase is tuned and monitored through time-of-flight techniques with 

molecular beams (TOF-MB), while the evolution of the surface chemical species is studied with XPS. 

Our comparative analysis of the Cu (111) oxidation by exposing to a random O2 gas and to an energy-

tunable O2 beam demonstrates the validity and potential of the MB/XPS approach to assess 

gas/surface reactions with high activation barriers.1 First results from a similar analysis of the Ru 

(0001) oxidation will also be presented.  
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For over a century, society has relied on catalysts to facilitate chemical transformations to generate 
fuel, food, and essential products. With the growing need for a more circular carbon economy, radiant 
electromagnetic energy, a ubiquitous energy resource, will become indispensable. Engineering 
catalysts to convert light into chemical energy rather than relying on traditional phononic heating 
provided by fossil fuels has implications both in sustainability and in reaction selectivity. Combining 
the optical properties of plasmonic nanoparticles, materials that exhibit collective oscillations of their 
free electrons after interaction with light, with small concentrations of catalytically active late 
transition metals, allows for the design of optically tunable photocatalysts with engineered active sites 
down to the single atom limit. This emerging class of photoactive materials are known as dilute 
plasmonic alloys. Upon plasmon decay, hot carriers are generated from the optically active solvent 
and become available to transition metal active sites where molecules of interest are adsorbed, 
leading to enhanced rates and reaction selectivity by scattering into adsorbate antibonding orbitals. 
When trying to influence reactivity and selectivity enhancements in bimetallic plasmonic systems, it 
is invaluable to understand the role dilute transition metal sites play in converting radiative energy to 
chemical energy. Specifically, this work aims to understand these processes in situ and in operating 
conditions to ensure structure/reactivity relationships and mechanistic inferences are correctly 
attributed. I target propane to propylene dehydrogenation due to its market size worth as a small 
molecule feedstock in the chemical manufacturing industry and its high thermocatalytic energy 
demand. I use supported CuPt nanoparticles as catalysts due to platinum’s prevalence in the 
thermocatalytic industrial reaction and copper for its plasmonic properties. This work informs on the 
behavior of single atom, clusters, and nanoparticle platinum sites in CuPt dilute plasmonic alloys and 
investigates their contribution to hot carrier transfer into propane. While gas chromatography and 
mass spectrometry studies confirm the light enhancement observed in this system, Diffuse 
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is used to inform on the nature of the 
Pt dilute sites in the Cu host. X Ray Absorption Spectroscopy studies complement these experiments 
by deciphering the coordination sphere of Pt sites in reaction conditions and in situ Scanning 
Transmission Electron Microscopy (STEM) experiments inform on the changing morphology of the 
catalyst surface. The results of these studies are anticipated to teach more about structure-function 
relationships of this new class of photocatalytic nano materials and advance methods for atomic scale 
characterization. 
 



 

 

Rational design of Ceria mixed oxides supported Pt catalyst for Water Gas Shift 
Reaction: Engineering the O vacancy chemical environment 

 
Junjie Shi, Nevzat Yigit, Alexander Genest, Günther Rupprechter* 

 
1Institute of Materials Chemistry, TU Wien, Getreidemarkt 9/BC, A-1060 Vienna, Austria. 

 

guenther.rupprechter@tuwien.ac.at 
 
The oxygen vacancy in metal oxides are usually considered as the active site and play a key role in 
catalytic reactions. However, how to precisely modulating the oxygen vacancy is still challenging. One 
effective way is by doping metal cations which will lead to the distorted lattice distance, changed bond 
length and electron density inside the oxide crystal, thereby changing the chemical coordination 
environment, formation energy and chemical reactivity of oxygen vacancy. Both theoretical and 
experimental studies point that O vacancy is directly involved in the H2O dissociation, a limiting step 
for the water-gas shift reaction (WGSR). However, the current understanding of the relationship 
between the coordination structure of oxygen vacancy and the catalytic performance is still not clear. 
Cerium oxide as a reducible oxide its O vacancy can be studied by many characterization methods like 
XPS, Raman , EPR, therefore, its mixed oxide-supported metal catalyst can be used as an ideal system 
to study the oxygen vacancy chemical environment’s effect for the water-gas shift reaction. In this 
study, we synthesized a series of cerium-mixed oxides supported Pt catalysts. A hydrothermal method 
was used to synthesis the mixed oxide support, by controlling the type and amount of doped metal 
cations (La3+, Pr3+, Zr4+) the oxygen vacancy coordination environment can be precisely modulated. In-
situ characterization methods were used to identify and track the change of the active sites and 
intermediates under working conditions, and the reaction mechanism was analyzed. This work 
provides a model for rational designing of new catalyst systems and the precise modulation of active 
sites. 
 

 
 

Figure 1. a) Steady-state temperature profiles of Pt/CeaLabOx, Pt/CeOx and Pt/LaOx catalysts for the 
WGS reaction (conditions: 2 vol% CO/10 vol% H2O/Ar, 50 mL/min, mcatal = 50 mg, space velocity 

54000 mL h-1 gcat-1 ); b) CO FT-IR at room temperature on Pt/Ce4La1Ox and Pt/CeOx.) 
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MoS2, MoO3 and their heterostructures as well as nanocomposites are interesting candidates for 
catalysis.1,2 In this study, sub-nm Mo oxide clusters were synthesized by heating MoS2 flakes in the 
etching regime (370 °C) in air. Comparison between height profiles of formed clusters obtained by 
atomic force microscopy (AFM) imaging and density functional theory simulations on the sub-nm 
MoxOy fragments onto a MoS2 monolayer suggested that such clusters are mainly MoO3 monomers 
and dimers at sulfur vacancies (Figure 1). Several surface characterization methods such as energy 
and wavelength dispersive X-ray spectroscopies, Raman measurements, as well as Kelvin probe 
force microscopy showed that MoS2 surface is covered sparsely with MoO3/MoOx species. X-ray 
absorption near edge structure data verified the MoO3 nature of synthesized clusters. These results 
show that removal of Mo atoms at the atomic level during oxidative etching follow predominantly by 
formation of single MoO3 molecules. Such observations confirm the previously proposed oxidative 
etching stoichiometry at the nanoscale.3 

 

 
 

Figure 1. High-resolution AFM topography image of an etched MoS2 flake in air. The upper inset 
shows a simulated structure and calculated height of a MoO3 monomer at sulfur vacancy in MoS2 

monolayer. The lower inset shows the height of a sub-nm cluster depicted by blue arrow.3 

 
The work of SS and RS has been supported by the National Science Center, Poland, grant no. 
2017/27/B/ST4/00697. 
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Plasmonic-driven photocatalysis may lead to reaction selectivity that cannot be otherwise achieved. 

A fundamental role is played by hot carriers, i.e., electrons and holes generated upon plasmonic decay 

within the metal nanostructure interacting with molecular species. Understanding the elusive 

microscopic mechanism behind such selectivity is a key step in the rational design of hot-carrier 

reactions. To accomplish that, we present state-of-the-art multiscale simulations, going beyond 

density functional theory, of hot-carrier injections for the rate-determining step of a photocatalytic 

reaction1. We focus on carbon dioxide reduction, for which it was experimentally shown that the 

presence of a rhodium nanocube under illumination leads to the selective production of methane 

against carbon monoxide. We show that selectivity is due to a (predominantly) direct hole injection 

from rhodium to the reaction intermediate CHO. Unexpectedly, such an injection does not promote the 

selective reaction path by favoring proper bond breaking but rather by promoting bonding of the proper 

molecular fragment to the surface.  
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Atomically precise nanoclusters (NCs) are a class of nanoparticles with fascinating chemical and 
physical properties, which stem from their underlying electronic and geometric structure. Such 
precisely described structures give us the power to tune e.g. catalytic properties by hetero-atom 
doping. Ab initio modeling of transition metal-doped clusters usually rely on Density Functional 
Theory (DFT) calculations assuming a single-reference nature of the studied systems. We have 
recently developed a method1,2 for partitioning an exact electron correlation energy into the dynamic 
and non-dynamic components, which is based on the Fixed-node diffusion Monte Carlo (FNDMC) 
method utilizing the nodes derived from restricted Hartree-Fock Slater determinant. The proposed 
method allows for unambiguous separation of electron correlation energies and will be applied to 
analysis of the nature of electron correlation in small metal clusters. 

 

 
Figure 1. Schematic representation of electron correlation energy Ecor decomposition into dynamic 

and non-dynamic components Ed and End, based on HF nodes and FNDMC method. 
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This study employs density functional theory to explore how doping within clusters impacts their 
structure and reactivity. We focus on aluminum cluster anions (Al12X-) where X represents various 
dopant elements. Our findings reveal that the dopant's position (central or surface) significantly affects 
the cluster's electronic structure and its interaction with water molecules. The study highlights the 
importance of electron affinity for centrally doped clusters and how doping modifies the reactivity 
through the creation of complementary active sites. On the other hand, surface doping influences the 
cluster's behavior due to uneven charge distribution, making the adsorption and reactivity of 
surfacedoped clusters being dominated by electrostatic effects. This work demonstrates the crucial 
role of dopant placement for cluster properties and paves the way for a deeper understanding of 
doping effects on cluster reactivity.  
  

   
Figure 1. Complementary active site formation causes an increased reactivity of central 

doped Al12Co- cluster with water.  
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Developing new catalytic materials and processes that address and solve the present energy and 
environmental problems is one major challenge of today’s chemistry. To meet this challenge, theory 
and simulations can play a critical role, by predicting performance and screening materials for 
catalytic reactions, and providing operative directions for experimental verification and realization. In 
this work, we develop and validate a novel approach, the Conformal Sampling of Catalytic Processes 
(CSCP)a, that aims at drastically accelerating the exploration of unknown catalytic systems by 
transferring knowledge from a previously investigated, worked-out case. We demonstrate the CSCP 
approach on methanol decomposition and CO2 hydrogenation reactions over two paradigmatic metal 
facets: fcc(111) and fcc(100), modeled as periodic slabs. We apply MACE Machine Learning Interaction 
Potential to interpolate the reactive PES of the new systems, and we combine it with a basic 
assumption of catalytic mechanism conformality to construct physically grounded minimal fitting 
databases. We show that, using CSCP after a few active learning steps (high-throughput) and with 
reasonably sized DFT databases (efficiency), it is possible to construct a single, physically grounded 
MLIP that is able to describe the whole PES and attain a level of precision reaching chemical accuracy 
in the energetics of both local minima and reaction energy barriers for the whole RED along the 
reaction pathways.  
 

 
 

Figure 1. Conformal Sampling of Catalytic Processes (CSCP) demonstrated on CH3OH decomposition  
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