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1 Goals of the deliverable  

The objective of this report is to show the established quantum chemical methods, which will be applied to 

predict and understand the electrocatalytic carbon-dioxide reduction using bimetallic cluster catalyst. 

Two ESRs, Renata Sechi (ESR5, FETI) and Pavol Mikolaj (ESR3, Ulm University) were involved in the research 

and were trained for the theory and practice of quantum chemical applications. Particularly, two different 

systems were investigated: 

• Platinum-palladium clusters, which are being investigated experimentally in PSI by Maximilian 

Winzley (ESR14) under the supervision of Prof. Olga Safonova and Prof. Juan Herranz 

• Copper-oxide clusters, which are being studied experimentally at Ulm University by Pavol Mikolai 

(ESR3) under the supervision of Prof. Sandra Lang 

The training will be further enhanced by the collaboration of the experimental and the computed techniques 

at the planned secondment of Renata Sechi (Univ. Ulm November-December 2022) and also at the in-situ X-

ray workshop at PSI (June 2022). 

Approach 

The ESRs were trained to use quantum chemical computations to compute the structure and the reactivity 

of bimetallic clusters. We followed a step-by-step approach that is well suited both for the training and the 

research plan. First, we start with small clusters with moderate number of possible isomers and binding sites, 

which make a high level, systematic study possible. This helps the ESRs to acquire the physical, chemical and 

computational knowledge of the field of metal clusters. The computations start in the gas phase, where the 

geometries, reactivities and the dynamics are systematically investigated and subsequently continued in the 

solvent phase, which models more closely the experimental conditions. Finally, based on the acquired 

knowledge and experience, we work in the scale-up of the computed systems. 

 

2 Computational Details 

The PBE functional and the Grimme’s D3 dispersion correction [8] was selected to perform all the 

computations. The PBE functional has been used in several works describing pure Pd-, Pt- clusters and Pd-

/Pt- bimetallic alloys, such as in [13]. This choice of functional allows comparison with results of small clusters 

on surfaces, see [18, 19], and to allow to keep this level of theory to describe, in the future, bigger particles. 

By being theory-consistent, our results for small and bigger clusters will be directly comparable. The 

benchmarking of this functional is presented in the Appendix of this report. 

The bare-clusters geometries are gradually converged in four steps using four different basis sets: 

LANL2DZ[10], def2-SVP, def2-TZVP[35], dhf-TZVP[36]. Since the starting structure is a priori far away from a 

minimum optimal structure, using different basis sets with enhanced specificity in the expansion of the 

wavefunction allows to optimize the molecular structure and refine the geometry of the minimum. From the 

results, we selected the triplet configuration to be the most favourable for the transition metal clusters. We 

screened the bare-cluster structures for the singlet, triplet and quintet spin multiplicity; the triplet structures 

had lower total SCF energy and atomization energy, so we selected the triplet for our further calculations. 

We screened the spin multiplicities 1, 3, 5 also for the cluster-CO2 adducts, finding that the structures with 

spin multiplicity three had lowest adsorption energy. 

For final computations the PBE-D3/def2-TZVP level of theory was applied. We verified the stability of the Self 

Consistent Field solutions by performing internal stability analysis [5]. Vibrational analysis of the stationary 

points on the potential energy surface was performed to determine if the obtained structures are minima or 

transition structures. 
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For each cluster composition, the most stable structure was chosen to generate the initial geometric 

structures of the CO2 adducts in different binding modes [23]. The low energy cluster-CO2 adducts were used 

to explore the reaction mechanism. We applied the freezing-string method [3] for locating a first guess of the 

transition structures. Geometries of the located stationary points were subsequently refined using the 

eigenvector following algorithm. The intrinsic reaction paths were computed starting from each transition 

structures to confirm the connecting reactants and product geometries.  

Density Functional Theory computations are performed using the Q-Chem 5.4 software [6], while the Mayer 

bond orders were computed using the Multiwfn software [22]. All the figures were generated using the 

PyMol [30] and IQmol programs. For all our graphs we used colourblind-friendly scientific colormaps from 

the Python package cmcrameri [4]. 

3 Platinum-palladium bimetallic clusters 

 
Figure 1: Tetranuclear starting structures for the clusters’ geometry optimization in the gas phase. W, X, Y, Z 

= Pd/Pt atom. 

 

We consider four starting conformations for the PdxPt4-x clusters, a chain (fig. 1a), a quadrangle (fig. 1b), a 

triangle (fig. 1c), a tetrahedron (fig. 1d) and different spin multiplicity, also based on gas phase results in [9]. 

We compute the atomization Eatom energy of the optimized structures by 

 , (1) 

whereby Emol(PdxPt4−x) is the SCF energy of a cluster composed by x Pd-atoms and 4−x Pt-atoms, x = 1,...,4, 

E(Pt), E(Pd) are the SCF energies of the atoms of platinum and palladium, respectively. For each starting 

morphology, we found that the triplet structure is the one with highest atomization energy. Figures 2,3 and 

4 show the atomization energy of the optimized structures for singlet, triplet and quintet spin multiplicity of 

the clusters, respectively. Depending on the starting shape (see fig 1), a cluster composition can have 

different isomers with different atomization energies. Notice that even if we start from a different shape, 

most of the structures converged to a tetrahedron-like shape, so the energy of the optimized structure is 

very similar. 

Some studies state the Pt4 cluster to have a rhomboidal shape and it has spin multiplicity five, such as [7]. 

However, our computation showed that the tetrahedron-like structure in triplet state has lowest atomization 

energy. We verified that the tetrahedron structure in triplet has lowest energy than the rhomboidal quintet 

by optimizing the structure with different basis sets (TZVPP, QZVP, QZVPP), different functionals (B3LYP+D3, 

TPSS+D3, TPSSh+D3) and CCSD(T) method with QZVPP basis set. The structures resulting from these 

calculations show confirmed the Pt4 in tetrahedron- like triplet to be the one with lowest energy (see 

appendix). Given this analysis, we consider the tetrahedron-shaped triplet Pt4-cluster for our further 

computations. 
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The atomization energy of the tetrahedron-like clusters depends on Pt-concentration, with order Pd4 > 

Pd3Pt > Pd2Pt2 > PdPt3 > Pt4. Taking the tetrahedron-like structures in 5, we notice that the difference in 

atomization energy is not linear; the atomization energy drops considerably (100 kJ/mol) by only adding one 

Pt-atom to the palladium complex, whereas there is a smaller atomization-energy difference between the 

Pd2Pt2 and the PdPt3 complexes. For Pd2Pt2 we find two characteristic structures, since there is a 

considerable difference between the quadrangular isomers. However, this is yet higher in energy than the 

tetrahedron structure. 

Structure of CO2 bound clusters 

To understand which cluster-CO2 adducts have the most favourable conformation, we considered a broad 

collection of structures. We generated systematically several starting structures of CO2-cluster adducts using 

our in-house code, designing starting geometries with different CO2 binding modes, including both intact and 

dissociated structures. 

 

Figure 2: Atomization energy of the optimized cluster structures in singlet state. The singlet tetrahedron-

shaped structures are missing. 

Figures 6 and 7 schematize the geometry used for the initial structures in each of the considered binding 

modes. Calculations of different spin multiplicities (1 ,3 ,5) of the Pd2Pt2+CO2 clusters infer that the adducts 

are preferably triplet structures. 

We compute the adsorption energy Eads: 

 Eads = Emol(PdxPt4−x + CO2) − E(PdxPt4−x) − E(CO2) (2) 

for each of the adducts. As already observed in previous studies of PdxPt4−x CO2 adducts on a support [9, 34], 

our results show that Pt-concentration tunes the adsorption energy of the adducts with the same order of 

the bare clusters, Pd4 > Pd3Pt > Pd2Pt2 > PdPt3 > Pt4. This order is not maintained by every Pt-metal cluster, 

see for example the case of Cu4Pt4−x in [1]. 

In all the bimetallic-cluster compositions, we find structures in which the cluster undergoes deformation of 

the tetrahedral geometry as well as structures in which it does not. 
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Binding analysis of the CO2-bound clusters 

Multiple descriptors, such as O-C-O angle, C-O elongation, O-CO- angle, atomic charges, natural charges, 

Bader charges, have been defined to characterize the carbon dioxide activation. However, adducts may have 

very similar/different geometries and yet very different/similar adsorption energies. In many cases, it is 

difficult to consider the CO2 adsorption as bidentate or monodentate only by looking at the CO2-cluster 

interatomic distances [24]. 

 

 
Figure 3: Atomization energy of the optimized cluster structures in triplet state. 

We computed the Mayer bond orders (MBO) [25, 24]. The MBO’s results show a trend of the platinum atoms 

to bind stronger to the CO2 than the palladium atoms. Furthermore, this analysis is advantageous to 

understanding how to two atoms are interacting in the adduct and if they are bound to each other. However, 

we want to understand why even if it looks like both oxygen and carbon are bound to the cluster, actually 

only the carbon atom is sharing electron density with the metal atom. 

The Energy Decomposition Analysis (EDA) is a quantum-chemistry method that interprets quantitatively the 

energy of the intermolecular interactions [38, 16, 11, 21, 12] as contributions from geometry deformation, 

Pauli-repulsion, electrostatic interactions, polarization, charge transfer and van der Waals interactions 

between the fragments. With this information, it is possible to determine the relations between the 

contribution of the different interactions and the strength and strength variation of intermolecular binding 

[16]. For the EDA, the adduct or the complex molecule is cut into fragments to determine the relationship 

between them. In this work, EDA is utilized to understand quantitatively the interactions between the TM 

cluster and the CO2 in the adducts. The characteristics of their interactions are crucial when studying 

catalysts, because in this way we can tune the adducts to have desirable characteristics [27, 12]. 

Although the scope of this work is not to explain and define the EDA framework, we will present briefly how 

this method works. The EDA version adopted in our calculations [15, 33, 16] fragments the interaction energy 

Eint into: 

 Eint = ∆EFRZ + ∆EPOL + ∆ECT. (3) 
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The frozen density component ∆EFRZ is the SCF-energy change needed to bring infinitely separated molecules 

into the adduct geometry without any relaxation of the molecular orbitals on the fragments. 

The polarization energy ∆EPOL is computed as the energy lowering caused by intramolecular relaxation of 

each fragment’s ALMOs in the field of all other fragments in the system. The charge-transfer energy term, 

∆ECT, examines the energy lowering due to electron transfer from occupied orbitals on one fragment to 

virtual orbitals of another fragment, and also the energy change due to induction (or repolarization) that 

occurs when occupied-virtual orbitals are mixing. 

 

Figure 4: Atomization energy of the optimized cluster structures in quintet state. 

Our results were computed with a version of EDA based on atomic localized molecular orbitals (ALMO-EDA) 

[16]. ALMO are molecular orbitals expanded in terms of the atomic orbitals of only a given molecule 

(fragment), not in terms of all the molecules (fragments). A characteristic of the ALMO-EDA is that the charge-

transfer term can decomposed exactly into donor and acceptor contribution. Charge transfer is computed 

from each occupied orbital of the one fragment a to all the virtual orbitals of the fragment b. All the 

complementary occupied-virtual pairs together provide describe the charge transfer exactly, so in principle 

none of the can be neglected [33, 16, 15]. Nevertheless, the major contribution to the bonding between the 

fragments is given by only a few of these pairs, so it usually sufficient to consider only those to understand 

the intermolecular bonding. 

Given this essential theoretical background, some intact CO2 adducts were studied by the EDA. We defined 

the tetranuclear PdxPt4−x as one fragment and the CO2 as the second fragment. In figure 8, we included the 

preparation energy Eprep and the relaxation energy Erel as well. The preparation energy Eprep arises from some 

numerical constructs, whereas the relaxation energy is Erel is a cluster is computed by: 

 Erel = Emol(PdxPt4−x + CO2) − Egeom(PdxPt4−x) − Egeom(CO2) (4) 

where Egoem is the energy of the molecular fragment with the same geometry of the adduct. 

The results of the COVP analysis infer that the dz2 orbital of the transition metal cluster donates charge to 

the 2π∗ of CO2, as suggest by [37][26]. This charge transfer has a remarkable role in the CO2  activation. 
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Figure 5: Most stable structures of PdxPt4−x obtained by our initial structure screening. (Colors: carbon: dark 

grey, oxygen: red, platinum: light grey, palladium: dark blue) 

 

Figure 6: Schematized intact CO2-binding mechanisms. 

When the d- orbital mixes with 2π∗ of CO2, then the 2π∗ (LUMO) is populated and as this is an antibonding 

orbital, the C-O bond length increases. [28, 29]. The population of the LUMO also leads to bending of the CO2 

geometry, which clearly shows its activation. This is also confirmed by EDA methods [2, 11]. 

 
Figure 7: Schematized dissociated CO2 binding modes. 
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Figure 8: EDA and adsorption energy of the low energy intact CO2 adducts for each cluster composition. 

(Colors: carbon: dark grey, oxygen: red, platinum: light grey, palladium: dark blue) 

Reaction paths 

For each cluster composition, we selected different stable CO2-adducts in order to explore the reaction 

mechanism. If the vibrational analysis confirmed the minimum character of the selected structures, we 

computed the freezing string method between two minima, performed a transition-state search, and 

confirmed that the transition state connected the selected minima structures by intrinsic reaction path. 

Figure 9 shows the CO2-dissociation paths on PdxPt4−x transition metal clusters. Generally, the palladium 

content is directly proportional to the energy needed for the CO2-dissociation. We propose several reaction-

path schemes, as well as different routes to connect the adducts, when possible. Our computations did not 

show any energy barrier between the separated CO2 and PdxPt4−x cluster and the CO2 adduct considered as 

first step of the reaction. We performed a relaxed energy scan of the distance C-X (nearest Pt or Pd atom) to 

confirm the absence of a transition state between PdxPt4−x + CO2 and the first chemisorption structure. 

Pd4. We computed the dissociation path to the lowest-energy adduct with dissociated CO2. The energy 

necessary for the dissociation is 230 kJ/mol. In the product, the triple-coordinate O atom (binding mode VI 

in Figure 7b) has a natural charge of -0.9, so it keeps the anionic character observed in the Pt-doped 

structures. In the previous analysis of CO-bidentate structure by EDA, the COVP orbital involved show that 

only one Pd is bound ot the CO2, showing the low affinity of palladium to CO2. Since it is so difficult to 

dissociate carbon dioxide, we infer that due to the reduced binding strength of the intermediates, palladium 

is less affected by deactivation than platinum. However, computational studies suggests that neutral 

tetranuclear palladium structures are better CO2-catalysts than anionic ones [14]. 
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Figure 9: CO2 dissociation paths on PtxPd4-x clusters (Colors: carbon: dark grey, oxygen: red, platinum: light 

grey, palladium: dark blue) 

 

Pd3Pt. We describe two settings: the CO2 can bind from the cluster side with two palladium atoms on the 

edge, or to the one palladium and one platinum atom. In the first case, the CO2 binds to the Pd3Pt cluster, 

forming a very stable adduct. From our systematic adducts screening, we did not identify any structure 

suitable as candidate for a further reaction stage. In the other case, the carbon of CO2 binds first to palladium 
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atom and then the oxygen to the platinum atom. The transition structures and intermediates we computed 

have very similar energy. Eventually the carbon will bind to the platinum atom. From this structure, 

160 kJ/mol are needed for dissociate the CO2. By adding a platinum atom to the Pd4 cluster the CO2 

dissociation energy is 25% lower. Considering the low-energy cost of the intermediates, the introduction of 

a platinum atom already makes a sensible energy for the cluster. 

Pd2Pt2 . For the CO2-adducts of this cluster, we computed the reaction paths for three cases: first, the CO2 

binds to the edge with two Pd atoms; second, the CO2 binds to the edge with two Pt atoms; third, the CO2 

binds to the side with a Pt and a Pd atom. 

In the first case, the first transition structure has very high energy, needed for breaking the CO bond. The 

other intermediates and transition structures have very similar energy. This reaction shows as product an 

adduct with quadrangular cluster and dissociated CO2. The tetrahedron-like shape of the TM cluster has been 

kept by the product. When CO2 binds on the cluster edge with two palladium atoms, only 10 kJ/mol are 

needed for CO2 dissociation.  

In the second step of the reaction, we computed a deformation of the tetrahedron-like shape, with cost of 

about If the CO2 molecules binds next to the heterogenous edge of the cluster, it will bind first to the platinum 

atom and then also to the palladium. The product is very stable and we did not observe any CO2-dissociation. 

The highest energy barrier out computations present is more than 200 kJ/mol, necessary to break the CO 

bond by bond-elongation, in the first described reaction. All the other reactions steps do not demand more 

than 50 kJ/mol. The dissociated oxygen atom in the products has natural charge -0.78,-0.7. 

PdPt3 Also for this cluster there are several reaction mechanisms; our computations identified different 

paths, since the energy surface is very flat. The energy barriers between minima are easy to overcome. 

We considered reactions where the first reacting CO2 adduct is binding to the palladium or platinum atom. 

We also accounted for the case in which the CO2 binds first to the palladium and then to the platinum atom; 

this last case has a negligible energy barrier between the structure with only 5 kJ/mol difference between 

reactant and transition structure. 

In the reaction starting with the carbon bonding to the palladium atom, we first analyze the mechanism for 

the binding mode II; the energy-difference with the transition structures is extremely small, around 

20 kJ/mol. From the bidentate adduct, we obtained only one transition structure (100 kJ/mol) to dissociate 

CO2 and get to the last product. Alternatively, from the bidentate binding mode we computed the reaction 

of another product showing dissociated CO2 and TM-cluster deformation. This last reaction comprehends a 

very energetically demanding transition structure, in which the CO dissociated to the cluster. In this case, it 

seems that the CO dissociation from the cluster would be more likely than the subsequent formation of the 

product. 

We explored two reaction paths with platinum as first bound atom, differing from each other by the CO2 

position with respect to the metal cluster. We computed the transition structure for the bidentate binding 

mode to a palladium and a platinum atom, with required energy of about 40 kJ/mol. For the other CO2-

adduct, the second reaction step considered take in a bidentate structure with two platinum atoms binding 

to the CO2. From this structure, the final product can be obtained by CO-elongation. 

Pt4. We computed two pathways to reach the last structure, in which the Pt4 cluster has no tetrahedron 

structure anymore and the CO2 is dissociated. The oxygen in the CO2-dissociated structures is an anion, with 

natural charge between -0.6, -0.8. The one path involves more reaction steps, but the highest energy barrier 

we computed is of about 115 kJ/mol. Furthermore, the first structure with dissociated CO2 is stable and 

energetically advantageous. 
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The other path reaches the product in one-step reaction, however the energy difference between transition 

structure and the structure with binuclear CO2-adsorption is of about 200 kJ/mol. In this way, we think that 

the reaction mechanism with more reaction steps is the most probable one. The reaction paths confirm that 

CO poisoning of platinum is a very likely process, in agreement with the previous experiences for surfaces. 

Ab-initio molecular dynamics 

 
Figure 10: Energy change during the molecular dynamics simulation of carbon-dioxide bound to PdxPt4-x 

clusters 

The energetically close-lying structures imply dynamical behaviour, or even fluxionality of the clusters .The 

results of the PdxPt4−x with CO2 were used as input or ab initio molecular dynamic simulations. We computed 

the trajectory with Q-Chem coupled to Atomic Simulation Environment (ASE) [20]. The simulations were 

carried on as NVT ensemble and by solving the Langevin equation. The algorithm for the integration of the 

Langevin equation is second-order accurate and developed [32]. We set the simulation at temperature T = 

300 K, friction coefficient γ = 0.01 and time step 1 fs. The results in Figure 10 are preliminary, but clearly show 

the fluctuations during the dynamics. As the method is now available in the training, it will be used to 

investigate the dynamical effects in the reactions. 

Solvated cluster structures 

We optimized the geometry of Pd4 + CO2 in water. To do it, we applied a polarizable continuum model and 

stared the geometry optimization from the gas phase structure. The solvation free energies are available in 

Table 1. The computed results show that the cluster structures and the solvation free energies change only 

slightly in the solvent, thus the solvation is expected to make a small contribution to the reaction energetics. 

Thus, the actual experiments can be qualitatively understood based on the gas phase results presented 

above. 
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Table 1: Geometries and solvation free energies of clusters in water solvent, computed using the polarizable 

continuum model. 

Geometry 
Solvation Free 

Energy kJ/mol 

 

-42 

 
-33 

 
-34 

 

4 Copper oxide clusters 

Reactions of copper oxide clusters are being investigated experimentally by Pavol Mikolaj (ESR3, Ulm 

University) under the supervision of Prof. Sandra Lang. During his secondment at FETI, Pavol Mikolaj learned 

the theory and the basic practice of quantum chemical computations and applied his knowledge to 

investigate the structure of copper oxide clusters and their carbon-dioxide adducts.  

The method was selected based on the previously reported results and all the computations were performed 

using the B3LYP/aug-cc-pVTZ-PP level of theory. A preliminary connection of the results to the experiments 

was presented at the CatCHy school in Budapest, and will be elaborated further in the near future and during 

the planned secondment of Renata Sechi. Sample results for the copper-oxide cluster structure are shown in 

Figure 11. The structures were motivated by the experiments, as these cluster compositions are observed by 

mass spectrometry. 

 
Figure 11. Geometrical structures of different copper oxide clusters with bound carbon-dioxide (copper: 

brown, oxygen: red, carbon: black) 
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5 Conclusions and research output 

We computed bare- and CO2-bound small Pd/Pt and Cu/O clusters and analyzed their geometric and 

electronic structures. For the PtxPd4-x clusters the carbon-dioxide activation paths were also determined. 

Platinum in the clusters leads to facile dissociation of the carbon-dioxide, however forming too stable 

products, thus the CO elimination is difficult. On the other hand, palladium leads to less stable products and 

more difficult dissociation of the carbon-dioxide. The computations showed that platinum dopants in a 

palladium cluster can be used to tune the activation and the stability, thereby leading to promising catalysts. 

The computations also showed that the dynamics can have an important effect in these small clusters. It is 

interesting that the solvation does not alter the qualitative conclusions. 

A close future task is to extend the computations to larger clusters, which will be directly comparable to the 

experiments being done at PSI. 

Computations on copper-oxide clusters and their carbon-dioxide adducts and comparison to the experiments 

are started. 

So far, we disseminated this work in form of three posters: 

1. Renata Sechi, Tibor Höltzl, DFT study of CO2 adsorption of PdxPt4−x clusters in the gas phase, 2nd 

International Workshops of Cutting-Edge Homogeneous Catalysis, 2022 March 29-31, Leipzig 

(Germany) 

2. Renata Sechi, Tibor Höltzl, DFT study of CO2 adsorption of PdxPt4−x clusters in the gas phase, 

Computational methods for cluster-based (CO2 conversion) catalysts, 2022 April 19-21st, Budapest 

(Hungary) 

3. Pavol Mikolaj, Sandra Lang, Elucidating the catalytic properties of free copper clusters for CO2 

hydrogenation, Computational methods for cluster-based (CO2 conversion) catalysts, 2022 April 19-

21st, Budapest (Hungary) 
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7 Appendix 

We report our studies on the quadrangular and tetrahedron-like structures with spin multiplicities 3 and 5. 

We optimized the structure with def2-TZVPP, def2-QZVP, def2-QZVPP basis sets and the PBE functional with 

dispersion correction D3 (Figure 12). We then optimized the structures with def2-QZVPP basis set and B3LYP, 

TPSS, TPSSh functionals (Figure 13). 

As last step of our analysis, we computed the single-point energy of the structure obtained by 

PBE+D3/def2-TZVP with CCSD(T) def2-QZVPP level of theory. Our result infer that the tetrahedron-like 

structure in triplet has lower energy, next the quadrangular structure in quintet. Furthermore, we observe 

that the description given by the TPSSh functional is the one that is more close to the CC energy (Figure 13). 

 
Figure 12: Test of Pt4 with different basis sets. 

 
Figure 13: Test of Pt4 with different functionals. 
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In a similar way as for the bare Pt4 cluster, we screened different functionals and basis sets for the Pt4 + CO2 

adduct with lowest energy, considering two adducts, respectively with intact and dissociated CO2. The results 

can be found in Figures 14 and 15. 

 

Figure 14: Test of CO2-intact and CO2-dissociated Pt4 adducts with different basis sets. 

 
Figure 15: Test of CO2 intact and CO2 dissociated Pt4 with different functionals. 

 


