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ABSTRACT OF THE DISSERTATION 

 

 

 

Rewriting the Rules of Heterogeneous Catalysis for Supported Subnanometer Metal 

Cluster Catalysts 

 

by 

 

Borna Zandkarimi 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles 2020 

Professor Anastassia N. Alexandrova, Chair 

 

Almost two centuries after the word “catalysis” was first introduced by Berzelius in 

1835, the field has been developed to the point where heterogeneous catalysis is at the heart 

of our today’s chemical industry. Nevertheless, one of the grand challenges in this area is 

being able to tune and design efficient catalysts for processes of interest. In order to do so, 

a molecular-level understanding of heterogeneous catalysts is of the utmost importance and 
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indeed is a primary focus of modern catalysis research. Conventionally, the single most 

thermodynamically stable structure of the catalyst obtained under the reaction conditions 

had been considered as the reactive structure. However, catalysts in the subnano regime, in 

which there are only up to around 30 atoms per cluster, undergo structural dynamics under 

reaction conditions, which is triggered by high temperatures and pressures, and changing 

adsorbates. Using density functional theory and global optimization for structure prediction, 

in combination with statistical mechanics, we have recently shown that this dynamic 

fluxionality causes supported clusters to populate numerous distinct structural states under 

catalytic conditions. Furthermore, considering the single most stable structure gives 

unrealistic picture and inconsistent results with experiments. Therefore, the catalyst 

structure should be viewed as an evolving statistical ensemble of many structures. This new 

idea reforms the accepted models and calls for a new theory and modeling approaches 

leading to revised design strategies.  

Our ensemble-average model along with careful sampling of relevant structures 

suggest that many earlier studies might have overlooked the actual active sites. Ensemble 

phenomena lead to surprising exceptions from established rules of catalysis such as scaling 

relations. Catalyst deactivation (sintering, poisoning) is also an ensemble property, and its 

extent of mitigation can be predicted through the new paradigm. For example, in 

collaboration with Scott Anderson (U. Utah), we showed that nano-alloying with Sn 
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suppresses both sintering and coking of Pt clusters deposited on SiO2, and on Al2O3, in 

conditions of thermal dehydrogenation. Theoretically, we showed that this is an ensemble 

effect, whereby adding Sn quenches electronic spin in all thermally accessible Ptn isomers 

clusters, closing most of the reaction paths toward deeper dehydrogenation. The ensemble 

approach leads to a different view on the reaction kinetics and thermodynamics. Chemically 

distinct states of the catalyst get populated as T increases, and if these states have barriers 

significantly different from that of the global minimum the Arrhenius plot should be 

nonlinear. Therefore, we proposed a modification to the Arrhenius equation using an 

ensemble-average representation. Spectral signatures are also no longer those of a single 

structure. In this regard, we showed that for highly fluxional supported nanoclusters, the 

customary extraction of the oxidation state of the metal from X-ray Absorption Near Edge 

Structure (XANES) data by fitting to the bulk standards has to be revised. Fitting the 

experimental spectrum to the calculated spectra of computed ensembles of supported 

clusters can in contrast provide good agreement and insight on the spectrum-composition-

structure relation.  

These findings were enabled by advances in theory, such as global optimization and 

subsequent utilization of multiple local minima and pathways sampling as well as catalyst 

characterization under working condition. More importantly, our proposed model has been 
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tested and confirmed by several experiments, as shown in joint publications with the 

experimental groups.  
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LIST OF FIGURES 

Figure 1.1 Optimized geometries of isolated and CeO2‐supported Pt13 cluster in 

vacuum, aqueous phase, and deposited on CeO2 after 10 ps AIMD 

simulations. Ce (light yellow), O (red), Pt (cyan), and H (white). 

 

 

6 

Figure 1.2 (Top) Experimental temperature programmed desorption spectra for 

dehydrogenation of deuterated ethylene on size‐selected Ptn clusters 

on Al2O3: The difference in activity is explained on the basis of 

accessibility of highly active metastable states of Pt7, not 

characteristic of Pt8 that has a highly dominant global minimum. 

P300—Population of the given isomer at 300 K. ΔQ—Charge 

transferred from the support to the cluster (Bader charge scheme). 

The blue arrow represents the effect of cluster boration on the 

catalytic activity (smaller activity means less coking), measured 

experimentally. (Bottom) Theoretical modeling of coking reproduces 

the reduction of activity and coking upon boration, but only at high 

T, when the ensemble of cluster states is expanded toward 

metastable states. 
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Figure 2.1 C2D4 and D2 TPD data for the samples: (a) Pt7/Al2O3 C2D4 TPD, 

(b) Pt7/Al2O3 D2 TPD, (c) FT/Pt7/Al2O3 C2D4 TPD, (d) 
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FT/Pt7/Al2O3 D2 TPD, (e) Pt7/heat/FT/Al2O3 C2D4 TPD, and (f) 

Pt7/heat/FT/Al2O3 D2 TPD.“FT” refers to the full H2/SnCl4/H2 

treatment to produce PtSn clusters. 

 

 

36 

Figure 2.2 (1) Isomer A, the global minimum structure for Pt4Sn3/alumina. (2) 

Isomer B, the 2nd minimum structure for Pt4Sn3/alumina. (3) Isomer 

C, the 3rd minimum. E indicates the energy relative to the global 

minimum structure. P700K is the Boltzmann population at 700 K. 
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Figure 2.3 Structures of Pt4Sn3/alumina with one ethylene bound, with energies 

relative to the global minimum (GM), and thermal populations at 

700 K. Note that the GM with ethylene is based on Isomer C of the 

bare cluster. 
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Figure 2.4 Intact desorption of C2D4 (top) and D2 (bottom) from the first 

(black) and fourth (blue) C2D4 TPD. These spectra were collected 

after a 10 L dose of C2D4 to Ptn/SiO2 (n = 4, 7). C2D4 desorption 

from SiO2 is also plotted (green); no D2 evolution from SiO2 is 

observed. 
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Figure 2.5 Desorption of C2D4 (top) and D2 (bottom) from the first (red), 

second (black), and fourth (blue) C2D4 TPD/R runs. Each spectrum 

was collected after a 10 L dose of C2D4 to PtnSnx/SiO2 (n = 4, 7) at 
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180 K. C2D4 desorption from bare SiO2 treated with 1 ALD cycle is 

also plotted (green);�no D2 was observed in that experiment. 
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Figure 2.6 Thermally accessible geometries of C2H4/Pt4/SiO2 obtained from 

global optimization calculations. The geometries of (C2H4)2/Pt4/SiO2 

are shown in Figure A.3. 
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Figure 2.7 Thermally accessible geometries of C2H4/Pt4Sn3/SiO2 obtained from 

global optimization calculations. The geometries of 

(C2H4)2/Pt4Sn3/SiO2 are shown in Figure A.4. 
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Figure 2.8 Lowest energy reaction profiles of breaking C−H bonds obtained 

from CI-NEB calculations for each isomer of (a) C2H4/Pt4/ SiO2 and 

(b) C2H4/Pt4Sn3/SiO2 along with the structures of reactants, 

transition states, and products. 
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Figure 2.9 (a) Calculated rate constants along with their corresponding 

contribution to the kens value at 700 K for each isomer of (a) 

C2H4/Pt4/SiO2 and (b) C2H4/Pt4Sn3/SiO2. As expected, Pt4/SiO2 is 

more active than Pt4Sn3/SiO2 toward ethylene dehydrogenation. 
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Figure 2.10 Lowest energy reaction profiles of breaking C−H bonds obtained 

from CI-NEB calculations for the global minimum isomers of (a) 
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C2H6/Pt4/SiO2 and (b) C2H6/Pt4Sn3/SiO2 along with the structures 

of reactants, transition states, and products. 
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Figure 2.11 The geometry and spin state of local minima structures of (a) Pt4 

and (b) Pt4Sn3 clusters deposited on SiO2 along with their 

corresponding Boltzmann population at 700 K obtained from DFT 

calculations. Charge on each atom is calculated using Bader charge 

scheme. Note that the singlet Pt4 structure is 4° more away from the 

vertical line (tilted forward) than the global minimum structure. (c) 

Total and site-projected spin-up density of states of Pt4Sn3/SiO2 and 

Pt4/SiO2, shown in black (total), blue (Pt), red (Sn), green (Si), and 

magenta (O). (d) Zoom at the Pt- and Sn-projected spin-up density 

of states of Pt4Sn3/SiO2 shows the interaction between Pt d orbitals 

and Sn valence orbitals resulting in quenching the unpaired electrons 

on Pt4. 
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Figure 2.12 Local minima structures of (a) CO/Pt4/SiO2, (b) (CO)2/Pt4/SiO2, 

(c) CO/Pt4Sn3/SiO2, (d) (CO)2/Pt4Sn3/SiO2, obtained from global 

optimization. CO Adsorption energy (Eads) and the Boltzmann 

population at 700 K (P700K) are written below each structure. Note 

that for (CO)2/Pt4/SiO2 and (CO)2/Pt4Sn3/SiO2, the adsorption 

 

 

 

 

 



   xv 

energy corresponding to the second CO is shown (second adsorption 

energy). 

 

66 

Figure 3.1 (a) R2 value obtained from 40 000 different combinations of Ea,1 and 

Ea,2 in the range of 0–2 eV for the ensemble of two isomers with 

relative energies E1 = 0 and E2 = 0.05 eV. (b) The region with low 

R2 values (Ea,1 < 0.2 eV) is zoomed on. The temperature range in 

which R2 is calculated is 300–1000 K. 
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Figure 3.2 (a–f) Arrhenius plots of the ensemble of five isomers with relative 

energies of E = [0, 0.01, 0.1, 0.15, 0.2 eV] and activation energies of 

Ea = [1.90, Ea,2, 1.80, 1.60, 1.70 eV] in the temperature range of 300–

1000 K as a function of Ea,2. Note that, for Ea,2 > 0.05 eV, the plot 

becomes completely linear (R2 > 0.99). 
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Figure 3.3 Slope of the ln(kens) vs 1/T line as a function of temperature for the 

ensemble of five isomers shown in Figure 3.2. The temperatures at 

which the slope becomes zero for Ea,2 = 0, 0.001, 0.01, 0.15, 0.02, and 

0.05 eV are 439, 463, 660, 767, 880, and 2094 K, respectively. 
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Figure 3.4 (a) Arrhenius plot of ethylene dehydrogenation reaction catalyzed 

by Pt4/SiO2 and Pt4Sn3/SiO2 in the temperature range of 300 – 1000 

K. (b) Rate constants and barriers calculated for each of the 3 
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isomers of Pt4/SiO2 and Pt4Sn3/SiO2 populated at reaction 

temperature (700 K). 

 

83 

Figure 4.1 Scaling relationship between OH and O binding energies. The blue 

and red data sets correspond to the PBE and PBE0 calculations, 

respectively. Upper panel: the changes in the adsorption energies of 

O (left) and OH (right) as a function of cluster size. The binding 

energies of the first adsorbate are connected with the solid line, and 

the binding energies of the second adsorbate binding to the cluster 

are connected with a dashed line. Lower panel: correlations of the O 

and OH binding energies, computed with PBE and PBE0, in blue 

and red, respectively. Data points represent all studied cluster sizes 

and both coverages. The R2 values showcase the poor correlations. 

The slope of the line is far from the expected 0.5. Also, MAE for 

PBE data points is 0.12 eV and for PBE0 data points is 0.19 eV. 

MUE does not give a meaningful result because of the cancelation of 

error. 
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Figure 4.2 Scaling relationship between OOH and O binding energies. The blue 

and red data sets correspond to the PBE and PBE0 calculations, 

respectively. Color and style schemes and data types are analogous 
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to those used in Figure 4.1. Also, MAE for PBE data points is 0.15 

eV and for PBE0 data points is 0.20 eV. MUE does not give a 

meaningful result because of the cancelation of error. 
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Figure 4.3 Scaling relationship between OOH and OH binding energies. Color 

and style schemes and data types are analogous to those used in 

Figure 4.1. The data points corresponding to the second binding 

adsorbate in the lower panel are more scattered, being responsible 

for the overall poor correlation, regardless of the functional. Also, 

MAE for PBE data points is 0.10 eV and for PBE0 data points is 

0.12 eV. MUE does not give a meaningful result because of the 

cancelation of error. 

 

 

 

 

 

 

 

97 

Figure 4.4 Global minimum structures of the gas-phase Ptn (n = 1–6) clusters 

without bound adsorbates and with one and then two bound 

adsorbates, O, OH, and OOH. Clusters outlined with solid lines 

change shapes when going from adsorbate-free to adsorbate-bound, 

often changing also from one adsorbate to another. Clusters outlined 

in dashed lines change the binding site of the adsorbate when the 

coverage changes. Gray, Pt; red, O; white, H. 
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Figure 4.5 Global minimum structures for Pt5 cluster deposited on graphene 

with different adsorbates and coverage obtained with PBE0. 
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Figure 5.1 (a) Experimental and (b) simulated XANES spectra of bulk Cu, 

CuO, and Cu2O. (c) Simulated XANES corresponding to the three 

lowest energy isomers (A–C) of Cu5O5/UNCD and (d) Cu5O3/UNCD 

obtained from global optimization. Note the noticeable difference 

between the shape of the spectrum even within the same chemical 

composition. All spectra are stacked vertically for clarity. 
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Figure 5.2 Simulated XANES spectra of the three different isomers of 

Cu4Ox/Al2O3 (x = 2–5) obtained from global optimization. Note the 

noticeable difference between the shape of the spectrum even within 

the same chemical composition. All spectra are stacked vertically for 

clarity. 
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Figure 5.3 (a) Local minimum structures of Cu5O3/UNCD and Cu5O5/UNCD 

obtained from global optimization, along with their corresponding 

Boltzmann populations calculated at 535 K. (b) Local minimum 

structures of Cu4Ox/Al2O3 (x = 2–5) obtained from grand canonical 

ensemble optimization at 473 K and pO2 = 0.5 bar. Note that for 

every composition of Cu4Ox/Al2O3 (x = 2–5), the three lowest energy 
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isomers with significantly different geometries, thus noticeably 

different XANES, were chosen. 

 

116 

Figure 5.4 Calculated Erising-edge(in red) and Ewhite-line(in blue) peaks corresponding 

to the bulk Cu, Cu2O, CuO, and all of the surface-supported isomers 

of Cu5O3/UNCD, Cu5O5/UNCD, and Cu4Ox/Al2O3 (x = 2–5) 

explored in this study. It is clear that clusters do not necessarily 

follow the bulk trend. 
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Figure 5.5 CCu2O and CCuO are the coefficients of Cu2O and CuO XANES, 

respectively, obtained from the LCF of XANES of Cu5O5/UNCD, 

Cu5O3/UNCD, and Cu4Ox/Al2O3 (x = 2–5). In general, there is no 

clear correlation between the obtained coefficients and oxygen 

content of the clusters. 

 

 

 

 

123 

Figure 5.6 Solid curves: XANES spectra corresponding to thermally accessible 

isomers of (a) Cu4Ox/Al2O3 (x = 2, 3) and (b) Cu4Ox/Al2O3 (x = 4, 

5), and (c) Cu5O3/UNCD and Cu5O5/UNCD. Dashed curves: LCF 

spectra obtained using the bulk Cu2O and CuO XANES as 

references. 
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Figure 5.7 Experimental Cu K-edge XANES obtained at 423 K along with the 

ensemble average over Cu4Ox/Al2O3 (x = 2–5), LCF to the bulk, and 
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LCF to the computed XANES of the global minima for different O 

contents (LCF-cluster1) and higher-energy minima (LCF-cluster2) of 

Cu4Ox/Al2O3 (x = 2–5) used as reference. 
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Figure 5.8 Obtained coefficients of Cu4Ox/Al2O3 (x = 2–5) from LCF to the 

experimental XANES at three different temperatures. Cu4O2 

becomes dominant at high temperatures, showing a reduction in the 

cluster oxidation state. 
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Chapter 1 

Supported Cluster Catalysis: Ensembles of Metastable 

States Run the Show 
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“Science is the belief in the ignorance of 
experts.”1 
 
Richard Feynman  

1.1 Introduction 

The word “catalysis” describes a process in which the rate and sometimes the 

outcome of the reaction is affected by the presence of a substance, known as catalyst, which 

is not consumed during the reaction and can ultimately be removed from the reaction 

medium assuming that it is not included as an impurity in the final product. In fact, the 

term “catalysis” according to the Merriam-Webster dictionary has its roots in Greek kata- 

(down) and lyein (loosen) meaning to dissolve.2 This term was first introduced by the noted 

Swedish chemist Jöns Jacob Berzelius in 1835 when he tried to explain the results of a 

group of observations made by his fellow contemporary scientists such as Sir Humphry 

Davy and Michael Faraday.3 Since then, scientists in the catalysis community have been 

trying to understand the nuts and bolts of catalytic processes which has often resulted in 

finding simple rules and relations to describe reaction mechanisms. More importantly, 

introducing the nanoscience and the peculiar properties of materials in the nano-regime in 

the twentieth century have significantly impacted the catalysis field. Although the term 

“nano-technology” was coined by Norio Taniguchi4 in 1974, the brilliant idea behind it was 

first introduced at the American Physical Society meeting at California Institute of 

Technology in 1959 by Richard Feynman almost 6 years before he won the Nobel Prize in 
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physics. However, it took scientists more than 20 years to put the idea into practice when 

the scanning tunneling microscope (STM) was invented by Gerd Binnig and Heinrich 

Rohrer at IBM's Zurich research labs in 1981. 

Since the advent of nanotechnology scientists in various fields have been trying to 

explore the nano-regime in order to find state-of-the-art applications in their field, and 

catalysis is no exception. One of the most important studies that showed how particles in 

the nano-regime would behave significantly different from their bulk counterparts was done 

by Haruta et al.5 in 1987. They showed that gold nanoparticles, in spite of bulk gold being 

quite inert,6,7 are not noble at all and have the ability to catalyze reactions. Unexpectedly, 

these nanoparticles can catalyze CO oxidation at temperatures as low as −70 °C. Nano- 

and especially subnano clusters, in which there are only up to 30 atoms per cluster, have 

unique and extraordinary properties. In this size regime every single atom is important and 

should not be ignored.8 Moreover, extrapolating properties from larger clusters does not 

work in this regime, which is, thus, called nonscalable. This nonscalability feature also 

means that the cluster of each size has unique properties. For example, Pt7 and Pt8 when 

deposited on a-alumina, though similar in size, exhibit distinct catalytic activities toward 

ethylene dehydrogenation.9 In this case, one additional Pt atom is a game-changer and 

significantly decreases the activity of the Pt cluster toward dehydrogenation reaction. 

Furthermore, it has been shown that each of MgO-supported Ptn clusters (n = 8–15) has 
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their own unique properties for ethylene hydrogenation, which cannot be extrapolated from 

the larger scale region.10 This is, in fact, in stark contrast to what has been observed for 

bulk platinum. Different crystal planes of platinum show the same turnover frequency for 

hydrogenation reactions, which makes the reaction insensitive to the structure of bulk 

platinum.10,11 Moreover, it has been shown that Pt clusters dispersed on SnO/Al2O3 can be 

up to 100 times more active than the conventional Pt or V catalysts used for oxidative 

dehydrogenation of propane.12 Size-selected Pt clusters deposited on rutile TiO2(110) can 

also catalyze CO oxidation.13 Interestingly, there is an increase in catalytic activity for Ptn 

at n = 8, which is exactly where a structural transition from 2D to 3D happens, as has been 

confirmed by STM. Again, every single atom appears to play an important role at this size 

regime. 

Of course, this unprecedented property is not unique to Pt clusters, and has been 

observed for clusters of other elements as well. For instance, Hutchings and coworkers14 

investigated the activity of different size gold clusters dispersed on iron oxide using 

aberration-corrected scanning transmission electron microscopy (STEM). They found that 

gold clusters with only ~10 Au atoms are the most active toward CO oxidation. The 

difference in activity between the clusters of different sizes has been again attributed to 

their morphology (monolayer or bilayer on the support), which depends on the number of 

Au atoms present in the cluster. In another study, Vajda and coworkers15 explored the 



   5 

ability of Au6–10 clusters to catalyze propylene epoxidation and attributed their high activity 

to the large fraction of Au atoms being undercoordinated. Pd clusters deposited on reduced 

graphene oxide also show interesting behavior in the subnano-regime and can be used for 

selective oxidation of alcohols.16 

 

1.2 The Global Minimum Structure of the Cluster Catalyst: Not 

Trivial, Not Staying Put, and Not Alone 

 The key question in modeling catalytic reactions is the structure of the catalyst and 

the nature of the active site in realistic conditions. Always being a nontrivial task, it is truly 

complicated for surface-supported cluster catalysts. High temperatures (~300 °C in thermal 

catalysis), coverage with adsorbates, or the presence of electrolyte and electrochemical 

potential (in electrocatalysis) significantly affect the structure of both the nanocluster (due 

to its dynamic nature) and the support (by causing defects).17–20 Given that, it is crucial to 

develop an accurate, yet computationally practical model to describe the system.21 For a 

long time, the prevalent approach in modeling cluster catalysis was finding the isolated 

cluster structure in the gas phase and then putting it on the support and relaxing the 

geometry. However, it is known since 1970s22,23 that clusters majorly change shapes in the 

presence of the support—a concept of strong metal–support interaction (SMSI), and also 

the adsorbates.24 For instance, it has been shown that Pt13 cluster shape will significantly 



   6 

change when deposited on CeO2.25 Even different surface cuts could lead to different stable 

cluster structures: Ab initio molecular dynamics (AIMD) simulations revealed that the 

CeO2(110) surface provides the most stability for the Pt13 nanocluster (Figure 1.1). The 

authors also analyzed the effect of solvent on the electronic structure of the supported Pt13 

cluster, and found that the cluster is further oxidized in the aqueous phase compared to the 

gas phase, because more electrons are transferred from the cluster to the support. 

 

 

Figure 1.1. Optimized geometries of isolated and CeO2‐supported Pt13 cluster in vacuum, 
aqueous phase, and deposited on CeO2 after 10 ps AIMD simulations. Ce (light yellow), O (red), 
Pt (cyan), and H (white). Adapted with permission from Reference 25. Copyright 2018 American 
Chemical Society 

 

As another example, Keller et al.26 investigated the effect of three different supports 

on the interfacial geometry of VO4 cluster. They found that the tetrahedral VO4 deposited 

on SiO2 catalyst shares only one of its oxygens with the support despite the classical model 
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that assumes three O atoms are shared with the support. This is also true when VO4 

deposited on Nb2O5 and ZrO2 supports; however, the cluster shape has a more distorted 

geometry rather than the ideal tetrahedral, especially when deposited on ZrO2. They also 

showed that the V-Ob and the V...Msupport distances depend on the geometry of each support 

surface. On the other hand, sometimes the support does not have a significant influence on 

the geometry of clusters. For example, it has been shown that Pt13 has very similar shape 

in the gas phase and when dispersed on graphene.27 Thus, whether or not the support can 

significantly affect the cluster geometry and electronic structure depends on the nature of 

cluster and the support. Sasahara et al.28 have shown that among three different anchoring 

sites that rutile (110) can provide to a single Pt atom, O-vacancy site is the only one that 

can stabilize Pt atoms. There is also an electron transfer from Pt atoms to TiO2 at these 

sites. Moreover, by introducing heteroatoms such as N, B, P, and S in the carbon-based 

supports one can tune the properties of the deposited cluster through strong metal–support 

interaction including electronic, geometric, and dispersion effects.29 In general, it is hard to 

predict whether or not and to what degree the cluster will change shape upon adsorption, 

but it is definitely unsafe to assume that it would not. 

Hence, the next hot focus of the computational works on cluster catalysis became 

the finding of the most stable structure (the global minimum) of the nanocluster on different 

surfaces and eventually in the presence of adsorbates. The central assumption in these works 



   8 

was that the global minimum would contain the active site. Generally, the global minimum 

structure cannot be guessed, because chemical bonding in clusters is generally not well 

understood. Hence, the structures need to be found using stochastic global optimization and 

smart sampling techniques, many of which have been developed for this purpose, including 

particle swarm optimization,30,31 random search,32,33 genetic algorithm,34–38 basin hopping,39–

41 and simulated annealing,42 in combination with ab initio electronic structure calculations. 

These simulations are intensely expensive, particularly for surface-deposited clusters, and 

so empirical potentials43,44 and potential energy surface fitting techniques45–47 have been 

utilized to accelerate the optimization process and to enable modeling larger clusters.48 

Through global optimization it was unambiguously shown that clusters on surfaces and 

clusters in the gas phase can look completely different, have different charge and spin state, 

chemical bonding, and hence, reactivity.9,15,44,49 For example, whether the cluster has 

unpaired electrons (open shell) or not (closed shell) can affect cluster affinity for adsorbates 

and its ability to homolytically insert into a chemical bond, activating it. This can impact 

the selectivity and the mechanism of the catalyzed reaction. The interaction between the 

cluster and the adsorbate can sometimes change the binding mode of additional adsorbates 

at higher coverage, also with implications for the reaction mechanism.10,50–52 

The frontier of these kinds of efforts includes not only sampling the cluster shape 

but also allowing the cluster compositional change during the global optimization. For 
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example, in the oxidizing atmosphere, the metallic cluster can uptake oxygen, but the 

amount that it would uptake is in question and depends on the partial pressure of oxygen, 

temperature, and likely also the cluster geometry. In this case, the global optimization has 

a grand canonical flavor. For instance, Hensen and coworkers53 employed a basin hopping 

approach in the Gibbs ensemble (GCMC-DFT) in order to optimize the structure of the 

CeO2-supported Pd8 clusters in contact with gaseous O2. This approach helped them to find 

stable Pd8 cluster oxides on CeO2(111) without knowing the stoichiometry of the oxide a 

priori. 

 Although sophisticated sampling and advanced optimization methods may correctly 

identify the global minimum structure of the cluster catalyst, it is not the ultimate, complete 

representation of the active site. First of all, unlike extended surfaces, catalytic clusters do 

not stay put in their starting global minimum during the reaction. Cluster compositions can 

change. For example, Vajda and coworkers showed that the oxygen content in oxidized 

clusters of Cu and Pd changes as the operational temperatures of the catalyzed reaction are 

reached.54 Naturally, clusters may also undergo partial poisoning.9,55–58 In such a context, a 

relevant question for modeling is: Which particular cluster composition or compositions 

represents the active site(s)? Clusters may also sinter on the support, that is, grow in size, 

losing size-specific catalytic properties.59–62 But even more subtly, clusters of fixed 

stoichiometries may change shapes. Landman and coworkers63 introduced the concept of 
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dynamic structural fluxionality in cluster catalysts. They investigated the binding and 

activation of O2 on the MgO-supported gold nanoclusters, as a crucial event in the process 

of catalyzed CO oxidation, and stated that the adjustment of shape during the reaction 

increases the catalytic performance of the cluster.64,65 Fabris and coworkers20 investigated 

the importance of cluster fluxionality, viewed similarly, as a structural adjustment to the 

nature of the adsorbates or stage of the catalyzed reaction during CO oxidation on gold 

clusters deposited on both stoichiometric and defective CeO2(111). They additionally found 

that cluster mobility about the O vacancies significantly helps the CO oxidation 

corroborating the significance of cluster dynamics in describing the reaction mechanism. 

 However, the global minimum of the surface-deposited cluster and its changing 

geometry during the reaction still do not produce an adequate representation of the catalytic 

system. Recent advances led us to a striking realization that this single structure is not 

alone in conditions of catalysis, and instead, many structural forms of the cluster are 

thermally accessible, jointly constituting the nature of the catalyst.9,18,49,66 We showed that 

all practically interesting properties of cluster-decorated interfaces at typical temperatures 

of catalysis, such as ionization potential,47 heat capacity,47 poisoning propensity,49 sintering 

tendencies and mechanisms,55,60 and catalytic activity and selectivity,9,49,51 are very different 

if a statistical ensemble of many states is considered, rather than just the global minimum. 

It is in fact intuitive that higher energy metastable structures should be more reactive and 
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thus can play a major role in catalysis.51 This gives rise to a heretic idea that the global 

minimum might be catalytically dead, and it is those rare, transient, thermally populated 

structures that do all the turnovers. Substantiating this hypothesis is the finding that 

nanoclusters have nearly flat (low-barrier) potential energy surfaces, allowing them to easily 

isomerize, visiting dozens of isomers on the timescales on the order of nanoseconds at 

catalytic temperatures.66 Hence, the nature of the catalyst is dynamic, and the active site 

(and potentially catalytic mechanism) might not be just one, but a swarm of many. This 

has major implications for how we think about cluster catalysis, and how we model it. 

Indeed, a paradigm shift is needed toward statistical mechanical ensembles of many catalyst 

states. We began developing this paradigm. 

 

1.3 Ensemble Representation of Cluster Catalysts 

 The need for the ensemble representation of cluster catalysts became apparent in our 

joint theory-experiment studies of dehydrogenation on Al2O3-supported Pt clusters.9,49 The 

goal was the selective dehydrogenation of alkanes to alkenes, and thus ethylene was 

considered as the substrate, in fact representing the intermediate of interest, which would 

either desorb or dehydrogenate further. Alumina-deposited Pt7 and Pt8, despite remarkable 

similarity in size, the globular shapes of the global minima, as well as charge transfer from 

the support in the global minima, were shown experimentally to have very different 
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activities. Namely, Pt7 dehydrogenates ethylene much more efficiently (Figure 1.2).9 Theory 

revealed the reason for this to be an easy access of Pt7 to a family of higher energy isomers 

that are single layer on the support and acquire 0.2 e more from the support, allowing them 

to activate ethylene more strongly. At T = 300 K, when dehydrogenation begins, about 

15% of the population goes into those single-layer minima, and the population grows at 

higher T. They perform the reaction. Pt8 has a very stable and less active global minimum, 

such that 99% of the population occupies this minimum at 300 K. Other more active isomers 

of Pt8 do not get thermally populated, and the catalyst remains weaker. Thus, the global 

minimum picture of catalysis is completely misleading, as it would not differentiate between 

Pt7 and Pt8. In fact, none of the previous theoretical studies were able to reproduce and 

explain the remarkable size dependence of the catalytic activity of clusters, so widely 

documented in the experiment. 
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Figure 1.2. (Top) Experimental temperature programmed desorption spectra for 
dehydrogenation of deuterated ethylene on size‐selected Ptn clusters on Al2O3: The difference in 
activity is explained on the basis of accessibility of highly active metastable states of Pt7, not 
characteristic of Pt8 that has a highly dominant global minimum. P300—Population of the given 
isomer at 300  K. ΔQ—Charge transferred from the support to the cluster (Bader charge scheme). 
The blue arrow represents the effect of cluster boration on the catalytic activity (smaller activity 
means less coking), measured experimentally. (Bottom) Theoretical modeling of coking reproduces 
the reduction of activity and coking upon boration, but only at high T , when the ensemble of 
cluster states is expanded toward metastable states. Adapted with permission from References 9 
and 49. Copyright 2018 American Chemical Society 

 

 Next, following our theoretical proposal that dehydrogenation can be made more 

selective by adding some boron to Pt, experiment was done and confirmed the effect.49 In 

calculations, the global minimum of Pt7B on Al2O3 has in fact greater affinity to carbon 

than does the pure Pt7 on Al2O3. It is only when the temperature is increased and the 
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population is expanded toward multitude of very different metastable states does the coke 

affinity evolve so that borated clusters coke less than the pure.48 Borated clusters also 

dehydrogenate ethylene less than pure clusters, but again, only upon modeling them as 

ensembles. Just the global minima of alumina-deposited Pt7 and Pt7B have similar activities. 

Another recent purely theoretical study by Sun and Sautet67 investigated the hydrogen 

evolution reaction and methane activation on the Pt13 cluster covered by H atoms (gas-

phase Pt13H26). The second lowest energy structure, rather than the global minimum, was 

shown to have the highest activity toward methane activation and dominate the catalytic 

performance despite being a minority species in the population. 

 The listed observations point to the need of computing the observable properties of 

cluster-decorated catalytic interfaces as ensemble averages, as was emphasized by 

Alexandrova and coworkers.9,18,47,49,51,55,57,60 This means that in addition to the global 

minimum structure one should take other energetically accessible structures into account. 

Every structure present in the ensemble will contribute to the observable. The state of the 

catalyst is no longer a structure, but a collection of many structures that dynamically 

interconvert. At a finite temperature, the ensemble average of any property (like energy) 

can be computed by taking the weighted average of that property corresponding to each 

isomer: 

〈𝐸〉 = ∑ 𝐸$𝑃$
$

 (1.1) 
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𝑃$ =
𝑍'('),$𝑍+,-./,$𝑍,0+,$𝑍1$2,$

𝑍  (1.2) 

, where 𝑍'('),$, 𝑍+,-./,$, 𝑍,0+,$, and 𝑍1$2,$ are electronic, translational, rotational, and 

vibrational partition functions respectively. In principle, to compute the probabilities (𝑃$), 

one should consider the electronic, vibrational, and rotational degrees of freedom of the 

system to obtain their corresponding partition functions. Note that the translational part 

could be neglected because it is basically the same for all isomers. The Boltzmann factor 

can play an important role especially when it comes to calculating the kinetic properties of 

the system, because it adds the effect of other energetically accessible isomers to the kinetics 

of the system providing a more realistic picture of the reaction. In summary, the state of 

the catalyst is no longer a single structure, but a collection of many structures that 

dynamically interconvert. The number of these minima can be dauntingly large (e.g., on 

the order of 30 easily accessible isomers66), and unfortunately we cannot tell a priori which 

structure or structures are going to dominate certain properties. Hence, it is critical to 

perform thorough sampling of the system, but with the goal of finding all thermally 

accessible minima, and not just the global minimum. 

 

1.4 Implications of the Ensemble Nature and Dynamic Fluxionality 

on Catalysis Modeling 
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 As the cluster shapes adapt to the bound reagents, they may rearrange depending 

on the bound reaction intermediate, that is, in the course of the catalyzed reaction. In fact, 

the entire ensemble of cluster states may be undergoing continuous changes, and every well 

on the reaction profile is then characterized by a unique equilibrium ensemble. This poses 

two key mechanistic questions: When does this rearrangement take place, concurrently with 

the reaction step, or sequentially with it? And, does the system have enough time to 

dynamically equilibrate in every well on the reaction profile, or does it instead keep some 

structural memory for the catalyst and evolves off of the equilibrium? Each possibility would 

bring profound and different implications to our understanding of cluster catalysis 

mechanisms and the theory needed to describe them. Certainly, cluster dynamics is not to 

be ignored in order to accurately describe the reaction. 

 The dynamic coupling of cluster rearrangement to the reaction step should depend 

on the reaction energy barrier and cluster rearrangement barrier. If the barriers are very 

different it might be safe to assume that there is a low probability of the coupling. On the 

other hand, if the barriers are close to each other, it is not straightforward to say whether 

or not the coupling is possible.66,68 Additionally, some of the local minima can be kinetically 

trapped or inaccessible due to the high-energy barriers to rearrangements. Therefore, 

ultimately, a robust description of the system should include thermodynamics, kinetics, and 
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then also actual dynamics to address the issue of relative timescales and the possible 

divergence from equilibrium. 

 It can be important to quantify cluster fluxionality. Structural flexibility has been 

quantified by Yang et al.,69 although they call it fluxionality, based on the displacement of 

atoms. They showed that the Pt6 clusters dispersed on anatase TiO2(101) can easily adapt 

their shape upon CO2 adsorption. More importantly, they found that there is a linear 

relationship between the displacement of the atoms in the cluster and CO2 adsorption 

energies on different size of Ptn (n = 4, 6, and 8) clusters deposited on pristine and partially 

reduced anatase TiO2 (101). This is fundamentally not surprising; geometric relaxation 

always leads to stabilization, that is, lowers the energies of the electronic states. 

Nevertheless, one should note that reconstruction of the cluster upon adsorption is not 

exactly the same as fluxionality in the sense of isomer interconversion, where they indeed 

cross energy barriers. 

 If the cluster dynamics happens concurrently with the reaction dynamics, then we 

need a new definition of the reaction coordinate that includes the rearrangement of the 

cluster. Simulations of catalysis in this case would become intensely complicated. In all 

studies so far, the transition states in the reaction were found by moving just the atoms of 

the reacting system in the presence of the stationary (and merely relaxing) catalyst. 

However, the transition state that does involve cluster rearrangement might never be found 
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because we do not know how the cluster atoms should move to reach it. On the other hand, 

there are good reasons to hope that cluster isomerization (as opposed to relaxation) and 

reaction dynamics are decoupled, which would make modeling easier again. Metal atoms in 

the cluster are much heavier and so cluster motion, especially major geometric changes, 

should be too slow when compared with the motion of the light atoms in the reaction. 

Indeed, in our dynamics studies so far, we see no indication of such coupling. However, MD 

may still miss the most accessible pathways that include cluster isomerization. We need 

robust new methods that could discover such pathways. This is a topic of ongoing research 

in our laboratory. 

 Regardless of the intensity of dynamic coupling directly to the reaction step, there 

is still an outstanding question of whether or not cluster ensembles have a chance to fully 

re-equilibrate during the lifetime of a typical reaction intermediate. If at least partial 

equilibration is possible, then an inescapable conclusion arises that thermodynamics and 

kinetics of the reaction steps must be controlled by different states of the catalyst: the 

minima on the reaction profile are dominated by the global minima, whereas the kinetics is 

governed by the rare and most reactive species. This is not how catalysis has been viewed 

for decades. Cluster dynamics as a catalyst design parameter is also more general. As was 

already mentioned, geometric flexibility allows for lowering the energy of the molecule-

bound cluster state. Hence, reaction profiles for highly fluxional cluster catalysts would 
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generally have deeper minima for the intermediates and lower energy transition states. This 

can turn noncatalysts into catalysts. Cluster dynamics thus should be viewed as a lever in 

catalyst design. 

 Finally, treatment of dynamics in cluster catalysis is awaiting some improvement. 

On the one hand, established rare-event sampling techniques could be adapted or expanded 

to describe reaction pathways with complications, such as transitions states that involve 

cluster catalyst isomerization, or escaping the full equilibration in the reaction 

intermediates. An additional dynamic problem that we did not address in this thesis is the 

possible coupling between electronic and nuclear degrees of freedom and the breaking of the 

Born-Oppenheimer approximation, during events such as, for example, reagent binding. The 

reagent at high T may arrive with quanta of vibrational energy in various modes of 

vibration. The catalyst may have electronic states that are closely spaced in energy, and 

there is a possibility of nonadiabatic coupling in the dynamics, where there is an exchange 

between electronic and vibrational degrees of freedom. For clusters, this kind of dynamics 

is less likely than for extended metallic surfaces, and that is the reason this aspect was not 

addressed in the present review. Molecular orbitals in clusters are separated in energy, unlike 

for metallic surfaces that have a continuum of electronic states in the conduction band. 

From our estimations, the electronic entropy of deposited clusters at typical temperatures 

of thermal catalysis (300–700 K) is negligible. Therefore, it is unlikely that vibrational 
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energy from vibrationally excited molecule could transfer into the electronic excitations in 

the cluster through nonadiabatic events. 

 

1.5 Notes on the Computational Methods 

 Various computational methods have been extensively used to simulate and model 

different surface-supported cluster catalysts. In this section, we discuss the methods and 

models that are mainly being used in the nanocluster catalysis community, and emphasize 

why we need to be careful when using some of these models to describe the catalytic 

properties when the catalytic interface is so dynamic. It is clear that finding the correlation 

between catalyst morphology and catalytic performance is essential to designing new 

catalysts with enhanced efficiency.18,70–78 Hence, a major tool is global optimization, already 

discussed above, to be used for the finding of both the global and the accessible local minima 

of cluster catalysts. 

 Second, one should be cautious when choosing the density functional in order to 

perform density functional theory (DFT) calculations on nanoclusters, because the relative 

energy of the cluster isomers is often dependent on the functional.47 Additionally, current 

density functionals often fail to capture the correlation in strongly correlated systems such 

as late transition metal clusters79 deposited on rare earth metal oxide supports.80,81 Cluster 

oxides of metals such as Mn, Fe, and Co (gas phase or surface deposited) are also common 
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examples of particularly problematic species, exhibiting strong static and dynamic electronic 

correlations, and thus presenting difficulty for DFT. DFT + U is a common approach to 

tackle this problem to eliminate the self-interaction error by adding the on-site Hubbard 

term U to a set of orbitals. This method has been used extensively in the case of ceria to 

describe its 4f states.82–84 Although one can choose the on-site Hubbard interaction self-

consistently,85,86 it is usually chosen to fit to a given property, and that makes the method 

less robust and generalizable. Despite the fact that there are methods that have been 

developed to improve the robustness of calculation for periodic systems, including Green's 

function for periodic systems,87 wave function in DFT embedding scheme for periodic 

systems,88,89 hybrid functionals based on screened Coulomb potential,90–92 and periodic 

coupled cluster,93–95 there is still a need of reliable and affordable method for surface-

deposited nanoclusters. The unit cells required for calculating clusters deposited on surfaces 

are large and get only bigger upon incorporation of dislocations, vacancies, and substitutions 

in the surface. Excitingly, in the last decade, Neuhauser and coworkers have been developing 

a set of stochastic approaches to electronic structure, which are able to describe such large, 

electronically heterogeneous systems.96–102 The key is to replace the summations over 

occupied (or virtual) orbitals in quantum chemistry methods by sampling over random 

states, each of which is a stochastic linear combination of all occupied (or virtual) states. 

In fact, hybrid-DFT with exact exchange,103–107 especially with 100% long-range-exchange, 



   22 

removes self-repulsion and handle well the different degree of localization required for 

different orbitals. Note that, in general, hybrid functionals would fail to describe metallic 

systems; however, for metal clusters with less than a dozen of atoms where the system is 

far from metallic, or for metal oxides, hybrid-DFT can improve the final results. 

Nevertheless, such simulations are very expensive due to the exact exchange; this is where 

the stochastic paradigm comes by using deterministic-type DFT with stochastic exchange.102 

This method uses fundamentally the same techniques needed for local-potential DFT, which 

handle efficiently cells with up to 10,000 electrons, and scale mildly, as O(Ne
2) where Ne is 

the number of electrons in the system. Note that in practice even a few hundred samples 

are sufficient to describe the long-range exact exchange so the combined deterministic-

stochastic method is only about two to five times more expensive than traditional 

deterministic local-potential DFT.102,108 

To summarize, the emerging paradigm of dynamic catalytic interfaces pushes the 

community toward theoretical methods that are far beyond the common-practice DFT. We 

need sampling techniques, statistical mechanics, accelerated dynamics, and correlated 

electronic structure methods that surpass DFT in accuracy and are adapted for extended 

systems. 

 

1.6 Experimental Detection of Metastable States in Catalysis 
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 The presented theoretical advances put experiment on the spot, presenting it with a 

challenge of detecting and characterizing the minority active species of the catalyst, the 

true actors in catalysis. One opportunity might arise from the temperature control of the 

population of metastable states. If a higher energy metastable state is the performer in 

catalysis, then gradually turning the temperature down should eventually depopulate that 

isomer making the catalyst inactive abruptly. The reaction then should exhibit non-

Arrhenius behavior. We are awaiting for an experiment such as this to be done. An 

invaluable approach is also operando spectroscopy. The word “operando”, having its root 

in Spanish, means working; therefore, an operando study implies that the system of interest 

is being examined while everything is operating. Note that, in practice, in order to study 

the system of interest, a catalyst in this case, one would usually freeze the catalyst and take 

a snapshot of what is happening. Although this technique gives great amount of information 

about the catalyst, it would not depict exactly what is happening in the system. On the 

other hand, if one investigates the catalyst while it is working is called an operando study.109 

In fact, operando spectroscopic methodology has been introduced into the catalysis 

literature not so long ago, in 2002.110 This technique combines simultaneous in situ 

spectroscopy and kinetic measurements on the same sample and time. Hence, operando 

methodology describes in situ spectra under true catalytic operation as determined by 

simultaneous online activity/selectivity measurements. Determination of intrinsic reaction 
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kinetics of catalyzed reactions is of importance in the safe and economical design and control 

of industrial chemical and environmental processes, and in the development of new and 

improved catalysts.111–116 Echoing all the assertions in this review, operando studies have 

shown that catalysts may undergo dynamic structural transformations upon small changes 

in the reaction conditions and such transformations have a strong impact on the 

performance of the catalysts.117,118 Strictly speaking, the active state of a catalyst only exists 

during the catalysis. Many crucial mechanistic questions remain poorly understood thanks 

to the inherent multiscale complexity of heterogeneous catalytic transformations. In this 

regard, X-ray absorption spectroscopy (XAS) has become an important technique for 

studying the mechanisms of catalytic reactions due to its capabilities to elucidate the nature 

of the atomic and electronic structural features of operating catalysts. For supported size-

selected clusters, in order to monitor the formation of complex cluster assemblies through 

agglomeration, in situ studies at different length scales are required. To achieve that 

objective, Vajda and coworkers119 combined small-angle X-ray scattering (SAXS), X-ray 

absorption near edge structure (XANES) spectroscopy, ab initio simulations, and machine 

learning (artificial neural network) techniques. They found that the significant differences 

between the sizes of particle agglomerates, as probed by SAXS, and the sizes of locally 

ordered regions, as confirmed by XANES, imply the fractal, grape-cluster-like structure of 

the agglomerates. As a result, XANES and SAXS provide highly complementary structural 
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information. The findings obtained by their technique can actually have a profound effect 

on the understanding of particle sintering and assembly processes and of structure–

properties relationship in ultra- dispersed metal catalysts in reaction conditions. 
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Chapter 2 

Sn-Modification of Supported Pt Clusters Model Catalysts for 

Alkane Dehydrogenation 

 

  



   27 

“If you want to have good ideas, you must have 
many ideas.” 
 
Linus Pauling  

2.1 Introduction  

Catalyst deactivation by coking, i.e., carbon deposition, is a significant problem in 

many catalysis applications at high temperature under hydrocarbon-rich conditions, such 

as dehydrogenation of alkanes to alkenes120–122 for petroleum processing, including 

applications based on Pt nanoparticle catalysts.52,123–127 In industrial applications, it is 

possible to regenerate catalysts by periodically oxidizing the coke away at high 

temperatures; however, for nanocatalysts, the high regeneration temperatures can lead to 

sintering and loss of activity. Sub-nano-clusters have most or all of the catalytic metal in 

the reactant-accessible surface layer, thus improving the use of precious metals. However, 

such small clusters are less thermodynamically stable than larger particles; thus, sintering 

is even more of a problem. One application of interest is the use of alkane-to-alkene 

dehydrogenation in hot hydrocarbon fuels as an endothermic reaction to cool air vehicle fuel 

systems at high temperatures; the problem being that dehydrogenation of the alkene 

product creates coke precursors. Coking is a particular problem because it can lead to 

clogging of small channels or injectors, and regeneration may not be a practical option. One 

strategy for sintering prevention is to stabilize the catalyst by forming porous silica or 
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alumina coating over the nanoparticle catalysts;128–131 however, despite achieving 

antisintering effects, this can also block the catalytic sites.132 

Previous research on Pt bimetallic catalysts introduced elements such as tin, nickel, 

cobalt, copper, and germanium into the nanoparticle catalysts.133–140 The role of these second 

elements is to alter the geometric and electronic properties of Pt particles to improve the 

stability of the catalyst and selectivity of catalytic reactions. Among these elements, Sn has 

been widely investigated, and PtSn bimetallic catalysts showed favorable selectivity and 

low activity loss, especially toward light alkene production.120,141–144 

For example, Koel and co-workers reported ultrahigh vacuum (UHV) studies of 

ordered PtSn surface alloys formed by depositing Sn on Pt (111) single crystals. In 

particular, they found that Sn-alloying suppressed dehydrogenation of adsorbed ethylene 

and other alkenes such as propylene and isobutylene, thus reducing formation of coke 

precursors.145,146 The temperature-programmed desorption (TPD) results showed that as the 

Sn coverage increased, the binding energies (BEs) of the alkenes to the surface decreased 

substantially, resulting in desorption temperatures dropping by ∼100 K in the case of 

ethylene. As a result, H2 desorption, signaling ethylene decomposition and coking, was 

almost completely suppressed. These changes in binding energy and desorption behavior 

occurred despite the observation that Sn alloying had no effect on low temperature sticking 
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probability nor on the saturation alkene coverage. It was proposed that ethylene binds in a 

di-s geometry on both the Pt and PtSn alloy surfaces. 

Recently, Hook et al. used density functional theory (DFT) to examine ethane 

dehydrogenation over PtSn surface alloys, finding, consistent with the experiments of Koel 

and co-workers, that Sn depresses the alkene desorption energy below the barrier for 

dehydrogenation due to a combination of geometric and electronic effects.19 Ethylene was 

found to bind in a di-s fashion on both the Pt and PtSn alloy surfaces. The results were in 

line with an earlier DFT study by Yang et al. of propane dehydrogenation, where formation 

of coke precursors was also predicted to be suppressed by Sn alloying due to lowering of the 

propylene desorption energy below the barrier for further dehydrogenation.147 

Dumesic and co-workers used microcalorimetric and IR spectroscopy methods to 

study ethylene interactions with Pt/SiO2 and several different stoichiometry PtSn/SiO2 

catalysts with metal particle sizes in the 2–5 nm range.148,149 On Pt/SiO2, both di-s and p- 

bonded ethylene were observed. Sn alloying reduced the heat of adsorption of ethylene on 

the catalysts, and with increasing Sn content, the fraction of p-bonded ethylene increased, 

thus differing from the results on extended PtSn surface alloys. As shown below, moving to 

sub-nanometer clusters introduces additional differences. 

We have been using a combination of experiments and density functional theory 

(DFT) to probe methods to mitigate coking and sintering of subnano, size-selected model 
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Ptn/alumina catalysts. Ethylene temperature-programmed desorption (TPD), along with 

surface probes such as low energy ion scattering (ISS) and X-ray photoelectron spectroscopy 

(XPS), is used to test the propensity toward coking and sintering. Monitoring the branching 

between desorption and dehydrogenation, which deposits carbon, provides a signature of 

coking, and observing the evolution of the catalyst morphology and adsorption properties 

during multiple TPD runs provides insight into thermal processes. Pure Ptn/alumina 

catalysts were found to deactivate rapidly in sequential ethylene TPD experiments, 

primarily due to the deposition of carbon on the clusters.9 It was shown that diborane could 

be used to selectively borate size-selected Ptn seed clusters on the alumina support,49 thus 

generating clusters anchored to the support by Pt–B–O bonds and modifying the electronic 

properties such that dehydrogenation and carbon deposition were almost completely 

suppressed. 

The success of coking prevention was attributed to boration substantially reducing 

the ethylene binding energy so that desorption occurred in preference to dehydrogenation. 

DFT showed that the PtB clusters support only weak p-interaction with ethylene, favoring 

ethylene desorption, whereas pure Pt clusters can also bind ethylene in a strong di-s fashion, 

activating it for dehydrogenation. Importantly, this property was observed for the entire 

thermally accessible ensemble of cluster isomers, assessed via global optimization and 

Boltzmann statistics.18,150 A concern regarding boration, however, is that because it 
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substantially weakens the alkene (i.e., ethylene) binding to the clusters, it might also 

increase the activation barriers for the desired alkane-to-alkene conversion. 

Recently, Anderson et al. developed an atomic layer deposition (ALD) approach that 

allows Sn to be selectively deposited on size-selected Ptn clusters on oxide thin film supports. 

The clusters act as seeds to initiate the ALD process; thus, PtnSnm clusters of well-defined 

size and stoichiometry can be prepared.151 For Ptn on SiO2, the Sn deposition process was 

highly selective, depositing Sn on Pt cluster sites at least 50 times more efficiently than on 

the SiO2 support sites. Here, we apply this Sn deposition method to modifying model 

Ptn/alumina catalysts and examining the effects on ethylene binding and suppression of 

carbon deposition. Alumina was chosen for the initial catalysis study of PtnSnm clusters, to 

allow comparisons with the Ptn/alumina and PtnBm/alumina systems, where detailed 

experimental and DFT results are available. 

The resulting model Sn-Pt catalysts are studied using in situ surface chemistry 

methods to characterize their stoichiometries, electronic properties, morphology, and 

activity for ethylene binding and dehydrogenation. DFT is used to model the structures, 

energetics, electronic properties of both model PtSn supported clusters, and binding of 

ethylene to the clusters.  

 

2.2 Computational Methods   
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 The projector-augmented wave method152 and PBE functional were used within the 

Vienna ab initio simulation package (VASP).153–156 Plane-wave kinetic energy cutoff of 400.0 

eV and convergence criteria of 10−6 eV for electronic (SCF) steps were employed. Note that 

the bottom half of the slab was kept fixed during the relaxation. Geometric relaxation was 

performed until forces on each atom were smaller than 0.01 eV/Å. In addition, Gaussian 

smearing with the sigma value of 0.1 eV was used. The hexagonal symmetry alumina thin 

film used in the experiments was modeled computationally as an a-alumina (0001) surface. 

The cell parameters of a = 4.807 Å and c = 13.126 Å were obtained by optimizing the bulk 

structure with stringent electronic and geometric convergence criteria, the details of which 

can be found here.9 Moreover, the slab was modeled as a (3 × 3) unit cell with a vacuum 

gap of 15 Å. Since a fairly large super cell was used in this study, a k-point grid of 1 × 1 × 

1 centered at the Γ-point was instituted. 

 In order to model the SiO2 substrate used in the experiment, the chosen SiO2 slab 

was previously optimized157 elsewhere at the B3LYP/6-31G(d,p)158–161 level.  The obtained 

cell parameters used in this study are a = 12.4 Å, b = 13.1 Å, c = 32.0 Å, �a = 90°, b� = 

90°, and g�= 88°� which includes the vacuum gap of 10 Å in the z-direction.  Note that the 

lower half of the slab was kept fixed during the global optimization. 

 In order to produce initial geometries for clusters on the Al2O3 and SiO2 surfaces, we 

used our in-house parallel global optimization and path-way toolkit (PGOPT), which 
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automatically generates initial structures based on the bond length distribution algorithm 

(BLDA).47 Each structure was optimized with DFT, and duplicates were filtered out 

thereafter. Finally, partial charges on each atom in the cluster were obtained using the 

Bader charge scheme.162–165 

Ensemble-averaged binding energies for the first and second CO on Pt4Sn3/SiO2 were 

calculated as: 

𝐸2$.3,1 = ∑ 𝑃$𝐸56/7+49.3/9$62,$
$

− ∑ 𝑃$𝐸7+49.3/9$62,$
$

− 𝐸56 (2.1) 

 

𝐸2$.3,2 = ∑ 𝑃$𝐸(56)2/7+49.3/9$62,$
$

− ∑ 𝑃$𝐸56/7+49.3/9$62,$
$

− 𝐸56 (2.2) 

, where the summations are over all thermally-accessible isomers obtained from global 

optimization, and Pi are Boltzmann population probabilities. Analogous formulae were used 

for the first and second binding energies on Pt4/SiO2. Surface binding and intra-cluster 

binding energies were calculated as: 

𝐸/>,?,2$.3 = ∑ 𝑃$𝐸7+49.3/9$62,$
$

− ∑ 𝑃$𝐸7+49.3,$
$

− 𝐸9$62
 (2.3) 

 

𝐸)(>/+,7+49.3→7+49.2
= ∑ 𝑃$𝐸7+49.2/9$62,$

$
+ ∑ 𝑃$𝐸9./9$62,$

$
 

             − ∑ 𝑃$𝐸7+49.3/9$62,$
$

− 𝐸9$62
 

 (2.4) 
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𝐸)(>/+,7+49.3→7+39.3
= ∑ 𝑃$𝐸7+39.3/9$62,$

$
+ ∑ 𝑃$𝐸7+/9$62,$

$
 

              − ∑ 𝑃$𝐸7+49.3/9$62,$
$

− 𝐸9$62
 

 (2.5) 

 

𝐸)(>/+,7+4→7+3
= ∑ 𝑃$𝐸7+3/9$62,$

$
+ ∑ 𝑃$𝐸7+/9$62,$

$
− ∑ 𝑃$𝐸7+4/9$62,$

$
− 𝐸9$62

 (2.6) 

 

 For the lowest-energy isomers with adsorbed ethylene, which contributed 

significantly into the respective thermal ensembles, the reaction profile for ethylene 

dehydrogenation were calculated using climbing image nudged elastic band (CI-NEB) 

method.166 Three isomers of each cluster with adsorbed ethylene were chosen and the 

dissociation of every C-H bond within every adsorbed configuration was tested. All 

transition states were confirmed by phonon calculations. Rate constants for each pathway 

were calculated based on harmonic transition state theory.167 The ensemble-average rate 

constant were calculated based on the contribution of each isomer using its Boltzmann 

population at 700 K: 

𝑘'./ = 𝑘1𝑃1 + 𝑘2𝑃2 + 𝑘3𝑃3 (2.7) 

, where Pi is the Boltzmann population and ki (i = 1–3) is the sum over all four pathway 

rate constants obtained from CI-NEB for isomer i. 
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 Finally, ab initio MD simulations ran for 10 ps at 700 K with the time step of 1 fs 

starting from Pt4/SiO2 and Pt4Sn3/SiO2 global minimum structures. Nosé–Hoover 

thermostat was utilized for equilibration during the MD simulations.168 

 

2.3 Sn-modification of Pt7/alumina Model Catalysts: Suppression 

of Carbon Deposition and Enhanced Thermal Stability 

 

2.3.1 Temperature-Programmed Desorption (TPD) Results 

Figure 2.1 summarizes the results of TPD experiments in which the Sn-modified 

model catalysts were saturated with C2D4 at 150 K, and then the numbers of desorbing 

C2D4 and D2 molecules were monitored during 3 K/sec heat ramps to 700 K. A series of 6 

TPD experiments was done for each sample, each preceded by a 150 K C2D4 dose. For 

comparison, TPD data for Pt7/Al2O3 measured under identical conditions by Baxter et al.9 

are plotted in the top row. Also shown in each frame of the figure is the desorption observed 

from a Pt and Sn-free Al2O3 thin film sample. It can be seen that for Sn-free Pt7/Al2O3 (top 

row), the 1st TPD run has a low-temperature C2D4 desorption feature that matches that 

from the Al2O3 support, implying that this feature results from C2D4 desorbing from the 

support. Because the intensity of this peak is rather low, corresponding to only a small 
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fraction of a monolayer of C2D4 desorbing, it is attributed to C2D4 bound at defects or other 

strong-binding sites on the surface. 

 

 

Figure 2.1. C2D4 and D2 TPD data for the samples: (a) Pt7/Al2O3 C2D4 TPD, (b) Pt7/Al2O3 D2 
TPD, (c) FT/Pt7/Al2O3 C2D4 TPD, (d) FT/Pt7/Al2O3 D2 TPD, (e) Pt7/heat/FT/Al2O3 C2D4 
TPD, and (f) Pt7/heat/FT/Al2O3 D2 TPD.“FT” refers to the full H2/SnCl4/H2 treatment to 
produce PtSn clusters. 

 

 In the 2nd TPD run, the intensity of the Pt-associated C2D4 desorption decreased 

substantially as did the amount of D2 desorption. These changes were attributed mainly to 
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the effects of the poisoning of cluster-associated binding sites by carbon deposition. Sintering 

probably also contributed to the deactivation process although ISS and comparison of the 

effects of heating with and without C2D4,9,49 suggested that sintering during a single TPD 

run had only a modest effect for Pt7 on the relatively defective Al2O3 thin film support. 

Only two TPD runs were reported in these experiments because the deactivation was so 

fast. 

 For the FT/Pt7/Al2O3 sample, the 1st C2D4 TPD experiment was done on the 

unheated sample, and as shown in the 2nd row of the figure, little C2D4 desorption and no 

D2 are observed. This implies that the Pt cluster sites were fully blocked by adsorbed H, 

Cl, and Sn and that many of the Al2O3 defect sites were also blocked, such that almost no 

C2D4 adsorbed during the 150 K dose. During the first TPD run, HCl desorption is observed, 

and there probably is also H2 desorption above 300 K although our mass spectrometer 

background at mass 2 is too large to allow direct observation of the relatively small signal 

for H2 desorption from a coverage of clusters. 

 The bottom frame of the Figure 2.1 shows the results of depositing Pt7 on preheated, 

Sn-modified Al2O3. The C2D4 TPD results are actually quite similar to those observed when 

Sn is deposited after the clusters, with the exception that significant C2D4 desorption is 

observed in the 1st TPD. This simply reflects the fact that the heat/FT/Al2O3 sample was 

heated to desorb H and Cl prior to Pt7 deposition so that binding sites on both the alumina 
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support and the clusters were available to binding C2D4. Again, little D2 desorption is 

observed, and the high-temperature C2D4 desorption is reasonably stable in repeated TPD 

runs. 

 It is clear that little D2 is observed even in the 1st TPD run, indicating that the Pt7 

cluster dehydrogenation properties were already strongly modified by Sn even though Sn 

was not deposited directly onto the clusters. 

 

2.3.2 DFT Results and Discussion 

Because the Sn-modified Pt clusters used in the experiment are quite large, it was 

not feasible to try to compute the structures. Here, we report DFT calculations of structures, 

atomic charges, and ethylene binding behavior for a small model system, consisting of Pt4Sn3 

clusters on an alumina support. 

 The global optimization was carried out, with the purpose of finding the low-lying 

minima that could be thermally populated at temperatures of the TPD. The three lowest 

energy structures found for Pt4Sn3/alumina are shown in Figure 2.2, with the atomic 

charges, energies relative to the global minimum (GM) structure, and the Boltzmann 

populations estimated at 700 K. The Pt4Sn3 clusters were all singlets with a net negative 

charge indicating net electron transfer from the alumina support to the clusters. The 
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structures also tend to have Pt binding to underlying Al atoms, while the Sn binds to both 

Al and O atoms on the surface. 

 

 

Figure 2.2. (1) Isomer A, the global minimum structure for Pt4Sn3/alumina. (2) Isomer B, the 
2nd minimum structure for Pt4Sn3/alumina. (3) Isomer C, the 3rd minimum. E indicates the 
energy relative to the global minimum structure. P700K is the Boltzmann population at 700 K. 
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 The global minimum structure is nearly planar with all atoms exposed in the surface 

layer. The Sn atoms are all positively charged by nearly 1 e, and the Pt atoms are negative, 

with charges ranging from −0.4 e to −0.95 e; thus, there is substantial electron transfer 

from Sn to Pt. The charge distribution is consistent with the high Sn 3d BEs measured by 

XPS, which indicates oxidized Sn. (Figure A.1) The Sn and Pt atoms are mixed, rather 

than phase-separated. 

 The second minimum structure is substantially (0.396 eV) higher in energy than the 

global minimum; thus even at 700 K, its predicted population remains below 1%. Again, 

the Sn atoms are all positively charged by ∼1 e, and the Pt atoms are negative, with charges 

between −0.3 e and −1.04 e. This structure is three dimensional, with a Sn atom in the top 

layer. The third isomer is a roughly hexagonal, quasiplanar structure with alternative Pt 

and Sn atoms around the periphery, but it is > 0.7 eV above the global minimum and has 

near-zero population at 700 K. Again, there is substantial Sn-to-Pt electron transfer. One 

important observation can be made about the global minimum that both Sn and Pt atoms 

are in contact with the support. This kind of structure could form either if Sn is deposited 

on alumina-supported Pt clusters and the cluster restructures upon heating or if Sn is on 

the surface before the Pt cluster arrives and it mixes into Pt upon heating. 
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Figure 2.3. Structures of Pt4Sn3/alumina with one ethylene bound, with energies relative to the 
global minimum (GM), and thermal populations at 700 K. Note that the GM with ethylene is 
based on Isomer C of the bare cluster. 

 

 DFT calculations were also performed for ethylene binding to the three Pt4Sn3 

/alumina structures. A total of 10 structures were found to be within thermal reach, as 

shown in Figure 2.3. Again, the Sn atoms are positively charged by roughly 1 e each, and 
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the Pt atoms are negatively charged by −0.4 e to −1 e. There are several interesting points. 

Note that the two lowest energy structures for C2H4/Pt4Sn3/alumina are based on ethylene 

binding to Isomer C of Pt4Sn3/alumina, which is ∼0.4 eV above the global minimum for the 

bare cluster. These two nearly isoenergetic structures both have C2H4 p-bonded to a single 

Pt atom around the edge of the nearly planar Isomer C structure. The 3rd and 4th isomers 

are built on Isomer A, i.e., the global minimum for Pt4Sn3/alumina, and again are nearly 

isoenergetic structures with C2H4 p-bonded to single Pt atoms at the edge of the cluster. 

The 5th isomer is again built on Isomer C of Pt4Sn3/alumina, but in this case, it has C2H4 

bound on top of the cluster, with substantial distortion of the cluster. This 5th isomer is 

already 0.265 eV above the global minimum and thus has < 1% population weighting at 

700 K. The other 5 structures are all build on Isomer B of Pt4Sn3/alumina and have energies 

between 0.313 and 0.444 eV above the global minimum, hence having very small population 

weighting. 

 It is interesting to compare these structures to those found for ethylene bound to 

Ptn/alumina previously.9 For the Sn-free Pt clusters, ethylene binds in both p and di-s 

geometries (i.e., with each C atom bound to a different Pt atom and sp2 hybridization 

broken). Di-s bonding has been associated with a propensity for dehydrogenation; thus, the 

DFT structures are consistent with the observation of significant D2 desorption from the 

Sn-free Pt7/alumina sample in TPD. In contrast, all the structures found for Pt4Sn3/alumina 
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have only p-bonding of ethylene, which is presumably a factor contributing to the 

observation that little D2 is generated for Sn-treated Pt4Sn3/alumina in TPD. It has been 

also confirmed the strong correlation between the mode of binding of ethylene and the 

barrier to dehydrogenation for other coalloying elements, Si and Ge.51,169 The barriers 

associated with ethylene undergoing dehydrogenation from the p-mode is typically several 

times larger than that for the di-s mode. In addition, upon dehydrogenation, a detached H 

atom needs to bind to Pt, and, when most of Pt atoms are separated by Sn, the sites for H 

atom arrival become unavailable. In contrast, for the preceding step of ethane 

dehydrogenation, there is no need for two adjacent Pt sites as the reaction occurs on a single 

Pt atom. 

 It is interesting to compare the behavior shown here for sub-nano-PtSn 

clusters/alumina to that seen for sub-nano-borated PtnBm clusters/alumina49 and for ordered 

PtSn surface alloys.145,146 In all three cases, ethylene dehydrogenation is strongly suppressed, 

compared to pure Ptn/alumina or Pt(111); however, there are several important differences. 

In the case of PtSn surface alloys, the ethylene desorption temperature dropped with 

increasing Sn coverage. In addition, that alloy has a 1:2 Sn:Pt ratio in the surface layer, 

i.e., significantly lower than the Sn:Pt ratio in our clusters. For pure Pt clusters on alumina, 

the ethylene desorption occurs in a broad feature peaking near 300 K, and after boration, 

the desorption temperature drops substantially, peaking at cryogenic temperatures 
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(overlapping the desorption from the alumina support). Thus, for both the extended PtSn 

alloy surfaces and PtnBm/alumina, a substantial reduction in ethylene binding energy is at 

least partly responsible for the suppression of dehydrogenation—the ethylene desorbs before 

the onset of dehydrogenation. From the perspective of catalyzing selective alkane-to-alkene 

dehydrogenation, the reduction in alkene binding energy may be problematic because that 

implies that the exothermicity of the alkaneadsorbed → alkeneadsorbed reaction is lower, which 

would tend to increase the activation energy. In contrast, for the Sn-doped Pt7/alumina 

clusters, the ethylene desorption feature remained above room temperature, with peak 

desorption temperature actually increasing relative to that for Sn-free Pt clusters. 

Nonetheless, dehydrogenation and the accompanying carbon deposition are suppressed, 

indicating that there must be another mechanism operating. 

 

2.4 Coking-Resistant Sub-Nano Dehydrogenation Catalysts: 

PtnSnx/SiO2 (n = 4, 7) 

 Carbon deposition (“coking”) in high-temperature reactions under hydrocarbon-rich 

conditions is a serious catalyst deactivation mechanism; thus, understanding the mechanism 

and developing approaches to suppress carbon deposition are interesting. One reaction of 

this type is endothermic alkane dehydrogenation, and we have been examining carbon 

deposition over sub-nano Pt9 and Pt alloy cluster catalysts,49,151,170 with the goal of stabilizing 
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the clusters against both coking and sintering, which is a serious problem for clusters at 

high temperatures. In addition to maximizing the accessibility of precious metal atoms in 

the surface layer, sub-nano clusters often have size-dependent properties that provide 

additional opportunities for catalyst tuning.10,171–179 Small clusters are also relatively 

tractable theoretically; thus, these systems allow detailed modeling of the effects of cluster 

physical and chemical properties on reaction mechanisms.10,17,180–185 Even for a single cluster 

size, however, cluster reactions can be quite complex, with multiple structural isomers 

contributing and evolving during reactions due to thermal and adsorbate effects. 

 Because reducing coking on Pt-based catalysts is important in many applications, 

there have been many studies of mitigation strategies. Here we focus on the use of Pt-Sn 

alloy catalysts for dehydrogenation and other reactions where coking is problematic. For 

example, coke formation has been studied on practical Pt catalysts186,187 and has been 

addressed by passivating specific metal sites with Sn, ranging from trace to stoichiometric 

amounts.127,148,149,188–190 Though successful, the complex nature of practical catalysts makes a 

detailed understanding of the mechanistic origins of the Pt-Sn relationship and its beneficial 

effects on catalytic dehydrogenation difficult. It is useful, therefore, to consider model 

catalysts, including ordered surface alloys and planar supported cluster catalysts. 

 

2.4.1 Temperature-Programmed Desorption (TPD) Results 
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 C2D4 and D2 desorption from Pt4/SiO2 and Pt7/SiO2 are shown in Figure 2.4. To 

examine the effects of repeated C2D4 exposure and heating, a total of four TPD/R runs were 

carried out, but the figure shows results only for the first (black) and fourth (blue) runs. 

Most experiments were done with C2D4 to avoid interference with H2 detection from high 

background at mass 2; however, the background is also high at mass 28, corresponding to 

C2D2. Therefore, some experiments were done using C2H4 to look for acetylene desorption. 

None was observed. We also looked for an ethane signal from possible hydrogenation 

processes, but the signals were negligible. Because cracking of C2D4 to D2
+ in the mass 

spectrometer is weak, this contribution to the D2 signal has not been subtracted in the 

figure. 

 For the first run on both Pt4 and Pt7, significant D2 desorption starts just below 300 

K and peaks broadly around 440 K, declining to the baseline above 600 K. The D2 signal is 

significantly larger for Pt7 than for Pt4. Figure 2.4 also shows the fourth TPD/R run for 

each sample. Two significant changes are observed: the amount of ethylene desorbing is 

lower than in the first run, and the desorption occurs at lower temperatures. In addition, 

D2 desorption is substantially weaker, in comparison to the first TPD/R run. The changes 

are qualitatively similar for the two cluster sizes but are more dramatic for Pt7, where more 

dehydrogenation occurred in the first run. 
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Figure 2.4. Intact desorption of C2D4 (top) and D2 (bottom) from the first (black) and fourth 
(blue) C2D4 TPD. These spectra were collected after a 10 L dose of C2D4 to Ptn/SiO2 (n = 4, 7). 
C2D4 desorption from SiO2 is also plotted (green); no D2 evolution from SiO2 is observed. 

 

 Run-to-run losses in the number of C2D4-Pt sites selectively affects the most strongly 

bound C2D4-Pt sites, and because these are the most likely to catalyze dehydrogenation, a 

run-to-run reduction in D2 desorption is expected and is observed. Given the observation of 

D2 desorption, the loss of C2D4 binding sites in repeated C2D4 TPD runs is at least partially 

attributable to poisoning by carbon deposition. 
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Figure 2.5. Desorption of C2D4 (top) and D2 (bottom) from the first (red), second (black), and 
fourth (blue) C2D4 TPD/R runs. Each spectrum was collected after a 10 L dose of C2D4 to 
PtnSnx/SiO2 (n = 4, 7) at 180 K. C2D4 desorption from bare SiO2 treated with 1 ALD cycle is also 
plotted (green);�no D2 was observed in that experiment. 

 

 Analogous C2D4 TPD/R experiments for PtSn alloy clusters are shown in Figure 2.5. 

In this case, the first run was done just after completing the H2/SnCl4/H2 exposure process 

used to deposit Sn and prior to any heating. At this point there would have been H as well 

as a small amount of Cl adsorbed on the clusters. Therefore, it is not surprising that the 

amount of C2D4 desorbing in this first run is substantially smaller than that in the first run 

for Ptn/ SiO2, because many C2D4 binding sites would have been blocked during the 180 K 

C2D4 exposure. There are several important points of comparison with the results for pure 
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Ptn/SiO2. First, there was no significant D2 desorption in any run on the PtnSnx/SiO2 

samples: i.e., all ethylene desorbed intact. The absence of D2 desorption implies that there 

should be little if any carbon deposition. Figure A.2 summarizes an XPS experiment that 

shows substantial carbon deposition in repeated TPD/R runs on Ptn/SiO2 and the complete 

absence of carbon deposition for PtnSnx/SiO2 under identical conditions. 

 

2.4.2 DFT Analysis of the Effects of Sn Alloying on Ethylene Binding 

and Dehydrogenation 

 Supported cluster catalysts can have many structural isomers accessible in the ≤	
  700 

K temperature regime of interest here. These isomers can have similar energies, despite 

having different morphologies, with different morphologies favoring different binding sites 

and chemical character. It is important to consider these different isomers in the mechanism, 

because they are expected to be thermally populated due to high fluxionality of the clusters 

in this temperature regime. Due to the large amount of sampling needed for the reliable 

exploration of the potential energy surfaces, we focus the theory on Pt4/SiO2 and 

Pt4Sn3/SiO2. 

 From the experiments, an average of ∼1.4 C2D4 molecules are adsorbed per Pt4 

cluster; therefore, each isomer has also been optimized with either one or two C2H4 molecules 

adsorbed. Structures obtained from the global optimization are shown in Figure 2.6 and 
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Figure A.3. Note that C2H4 is able to bind in several configurations depending on the isomer. 

For instance, C2H4 in the global minimum structure of C2H4/Pt4/SiO2 preferentially binds 

in the di-s binding mode, whereas in the global minimum of (C2H4)2/Pt4/SiO2 there is one 

di-s- bound ethylene and one p-bound ethylene. Note that other higher energy isomers, 

which are thermally accessible at higher temperatures, can have different C2H4 binding 

preferences than the global minimum, as shown in Figure 2.6. Previously, it was shown that 

the stronger di-σ interaction favors dehydrogenation. 

 

 

Figure 2.6. Thermally accessible geometries of C2H4/Pt4/SiO2 obtained from global optimization 
calculations. The geometries of (C2H4)2/Pt4/SiO2 are shown in Figure A.3. 

 

Interpretation of our DFT and experimental results in light of these results allows 

conclusions to be made about the mechanism in our Ptn/SiO2 experiments. The three 
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structures I−III shown in Figure 2.6 and structure I in Figure A.3 each have significant 

contributions to the cluster ensemble, and we thus expect surface-bound ethylene species to 

adsorb in both the p and di-s modes. We consider the comment by Mohsin et al. that 

ethylidyne can spontaneously form at this temperature (as a result of dissociation of surface 

ethylene).191 In a D2 thermal desorption study for Pt(100), Pasteur et al. showed 

recombinative desorption between 250 and 500 K.192 Spontaneous D2 desorption is therefore 

not expected; rather, we would expect these species to exist as surface-bound. 

 

 

Figure 2.7. Thermally accessible geometries of C2H4/Pt4Sn3/SiO2 obtained from global 
optimization calculations. The geometries of (C2H4)2/Pt4Sn3/SiO2 are shown in Figure A.4. 
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 To examine the effects of ethylene adsorption on PtSn clusters, DFT calculations 

were performed for ethylene adsorbed on both the global minimum Pt4Sn3/SiO2 structure 

and on several of the lowest energy isomers. The lowest energy isomer changes when 

ethylene is adsorbed; thus, we expect the isomer ensemble to change as the clusters are 

heated with adsorbed ethylene. The most stable isomers for C2H4/Pt4Sn3/SiO2 are shown in 

Figure 2.7, along with Boltzmann population and Bader charge data. Structures with two 

adsorbed ethylene molecules are shown in Figure A.4. As shown in Figure 2.7, the most 

stable isomers for a single ethylene have it p-bonded to Pt atoms in the cluster; however, 

as shown Figure A.4, one isomer was found for (C2H4)2/Pt4Sn3/SiO2, in which one of the 

ethylene molecules is bound with one C atom bound to Sn and one to an adjacent Pt atom. 

Note that, for a single ethylene, di-s binding has been completely eliminated by 

incorporation of Sn into the Pt4 clusters. Structure I is the preferred C2H4/Pt4Sn3/SiO2 

isomer, with greater than 69% of the population at 700 K. The only structure with di-s 

C2H4 is structure II for adsorption of two ethylene molecules (Figure A.4). While there is 

still some diversity in the lowest energy isomer distribution, C2H4 is only able to adsorb via 

a p interaction, which is expected to limit the catalytic branching toward the products of 

deeper dehydrogenation on the Pt4Sn3.3/SiO2 catalyst. 

 In order to compare the barriers of C2H4 dehydrogenation on Pt4/SiO2 vs 

Pt4Sn3/SiO2, CI-NEB calculations were done on the three structures of Pt4/SiO2 and 
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Pt4Sn3/SiO2 that are most populated at 700 K. For every structure, the barrier to break 

each of the four C−H bonds is considered. The minimum energy pathway for each isomer 

along with the structures of reactants, transition states, and products are shown in Figure 

2.8. 

 

 

Figure 2.8. Lowest energy reaction profiles of breaking C−H bonds obtained from CI-NEB 
calculations for each isomer of (a) C2H4/Pt4/ SiO2 and (b) C2H4/Pt4Sn3/SiO2 along with the 
structures of reactants, transition states, and products. 
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 The lowest reaction barrier of the most populated C2H4/Pt4/SiO2 structure is 0.95 

eV, whereas this value for C2H4/Pt4Sn3/SiO2 is 1.29 eV. Isomer II of C2H4/Pt4Sn3/SiO2 has 

a more accessible low-energy path (1.00 eV), which makes it the most active of the three 

lowest-energy isomers of the system. This confirms our working hypothesis that the less 

stable isomers tend to be more reactive, and they must be considered in order to accurately 

describe the catalytic properties of dynamic catalysts. Of course, the contributions of 

isomers II and III to the reaction is smaller because of their smaller presence in the ensemble 

(see Figures 2.6 and 2.7). 

 Additionally, Figure 2.9 gives the values for the 700 K ensemble-average rate 

constants (kens) for C2H4/Pt4/SiO2 and C2H4/Pt4Sn3/SiO2 along with the rate constant 

calculated for each isomer and the contribution of that isomer to the ensemble. The results 

show that the Pt4/SiO2 ensemble is more active at 700 K toward ethylene dehydrogenation 

than the Pt4Sn3/SiO2 ensemble. At lower temperatures, such as the ∼300 K onset 

temperature for dehydrogenation, the difference would be larger. These results confirm the 

experimental finding that introducing Sn to the cluster makes it harder for C2H4 to undergo 

dehydrogenation. 

 



   55 

 

Figure 2.9. (a) Calculated rate constants along with their corresponding contribution to the kens 
value at 700 K for each isomer of (a) C2H4/Pt4/SiO2 and (b) C2H4/Pt4Sn3/SiO2. As expected, 
Pt4/SiO2 is more active than Pt4Sn3/SiO2 toward ethylene dehydrogenation. 

 

 Additionally, the properties of the ensemble of clusters with one and two adsorbed 

C2H4 are summarized in Tables 2.1 and 2.2. As can be seen, the Pt4 cluster has a negative 

charge due to electron transfer from the support, while the charge of Pt4Sn3 is positive, as 
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expected from the more electropositive nature of Sn. Moreover, the ethylene binding energy 

of Pt4Sn3/SiO2 is ∼0.7−0.8 eV weaker than that of Pt4/SiO2, as is clear from Table 2.1; this 

makes it easier for ethylene to desorb from the cluster rather than undergo further 

dehydrogenation. 

 

Table 2.1. Charge on the cluster, ethylene binding mode, and Boltzmann population at 700 K 
obtained for C2H4/Pt4/SiO2, (C2H4)2/Pt4/SiO2, C2H4/Pt4Sn3/SiO2, and (C2H4)2/Pt4Sn3/SiO2. 

Isomer Qcluster(e) 
C2H4 Binding 

mode 
P700K 

C2H4/Pt4Sn0,3/SiO2 Pt4 Pt4Sn3 Pt4 Pt4Sn3 Pt4 Pt4Sn3 

I –0.15 0.39 di-s p 76.71% 69.03% 

II –0.11 0.46 p p 23.01% 27.45% 

III –0.10 0.43 p p 0.25% 2.32% 

IV –0.12 0.50 p p 0.01% 0.7% 

V –0.12 0.50 di-s p 0.01% 0.3% 

VI –0.14 0.32 di-s p <0.01% 0.2% 

(C2H4)2/Pt4Sn0,3/SiO2 Pt4 Pt4Sn3 Pt4 Pt4Sn3 Pt4 Pt4Sn3 

I –0.04 0.31 p, di-s p, p 99.88% 57.33% 

II –0.16 0.56 p, p p, di-s 0.06% 37.42% 

III –0.11 0.58 p, p p, p 0.05% 4.69% 

IV –0.19 0.45 p, di-s p, p <0.01% 0.56% 
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Table 2.2. Ensemble averaged first and second C2H4 binding energies on Pt4/SiO2 and Pt4Sn3/SiO2 
calculated at 700 K. 

Structure Eb1(eV) Eb2(eV) 

Pt4/SiO2 –1.91 –1.76 

Pt4Sn3/SiO2 –1.11 –1.04 

 

 Next, MD simulations were run for 10 ps at 700 K to allow sampling of the adsorbate 

and cluster motion. The average C− C bond distance in C2H4/Pt4Sn3/SiO2 is 0.1 Å shorter 

than that in C2H4/Pt4/SiO2, consistent with its looser binding to the PtSn clusters and 

indicating the bond being closer to double in character (Figure A.5). Furthermore, the 

average ÐPtCC bond angle in C2H4/Pt4/SiO2 is very close to the tetrahedral angle (104.94°), 

showing the s-bonding interaction between ethylene and the cluster. On the other hand, 

the average ÐHCC bond angle in C2H4/Pt4Sn3/SiO2 is 120.47°, showing a significant C−C 

double-bond nature and p interaction between the adsorbate and the cluster. Note that, 

during the MD simulations of C2H4/Pt4Sn3/SiO2, ethylene becomes partially detached from 

the cluster at 5.059 ps, which is shown in Figure A.6, whereas on C2H4/Pt4/SiO2 ethylene 

is always attached to the cluster. This again suggests that ethylene is more likely to desorb 

from the Pt4Sn3/SiO2 surface, rather than remaining on the surface and undergoing 

dehydrogenation. 
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 Ethane-to-ethylene conversion is the ultimate target for these catalysts, but in UHV 

experiments, it is unfeasible to probe C2D6 dehydrogenation over Ptn/SiO2 and PtnSnx/SiO2, 

because ethane does not stick at the relevant temperatures. However, DFT can be useful to 

bridge the gap. We performed calculations of C2H6 dehydrogenation on the pure and Sn- 

alloyed Pt clusters, to show that PtSn clusters can actually dehydrogenate C2H6 and form 

the desired C2H4 product. Figure 2.10 shows the barriers corresponding to ethane 

dehydrogenation on the Pt4/SiO2 and Pt4Sn3/SiO2 global minimum structures. The reaction 

barriers are 0.22 eV for Pt4/SiO2 and 0.58 eV for Pt4Sn3/SiO2: i.e., lower than those obtained 

for C2H4 dehydrogenation (0.96 and 1.30 eV for Pt4/SiO2 and Pt4Sn3/SiO2, respectively). 

The reason PtSn can dehydrogenate ethane relatively easily, but not ethylene, has to do 

with the type of sites required for the two reactions. Whereas di-s ethylene activation 

requires binding to two Pt atoms, ethane binds to a single Pt atom with both the H and 

the C atoms of the activated C−H bond. Such sites are available on both pure and Sn-

alloyed Pt clusters. These results suggest that both catalysts should successfully 

dehydrogenate alkanes, whereas dehydrogenation of alkenes is harder and is further 

hindered by alloying of the cluster catalyst with Sn. This justifies the use of C2H4 as a model 

for the selectivity of dehydrogenation catalysis. 
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Figure 2.10. Lowest energy reaction profiles of breaking C−H bonds obtained from CI-NEB 
calculations for the global minimum isomers of (a) C2H6/Pt4/SiO2 and (b) C2H6/Pt4Sn3/SiO2 along 
with the structures of reactants, transition states, and products. 

 

2.5 Alloying with Sn Suppresses Sintering of Size-Selected Subnano 

Pt Clusters on SiO2 with and without Adsorbates 
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 DFT global optimization of gas-phase Pt4 and Pt4Sn3 reveals that alloying with Sn 

is likely to strongly stabilize Pt clusters due to a specific electronic effect (Figure A.7).  All 

but one Pt4 isomers thermally-accessible at 700 K (according to Boltzmann statistics; 0.4 

eV energy cutoff), including the global minimum, are open-shell system, triplets and 

quintets.  In contrast, 10 out of the 13 thermally-accessible isomers of Pt4Sn3 are closed-

shell, and have the Pt and Sn atoms interspersed rather than phase separated. This implies 

that the valence orbitals of Sn and Pt match well in energy and spatial extent, allowing 

them to pair and form strong Pt-Sn bonds. 

 The low energy isomers found for Pt4/SiO2 and Pt4Sn3/SiO2 are shown in Figure 

2.11a,b. For Pt4/SiO2, the four lowest energy isomers are shown, however, note that only 

structures I and II are below the 0.4 eV cut-off energy used for the gas-phase clusters, and 

these are just triplet and singlet versions of the same cluster geometry. The singlet state II 

is actually open-shell di-radical, and results in I upon flipping the spin, with essentially no 

effect on the bonding or electron density distribution. Isomers I and II are only 0.039 eV 

apart, and so the population of II becomes significant at temperatures relevant to the 

experiments. Hence, the average spin state of this system is predicted to be temperature 

dependent. The optimized structures are bound to the surface with both Pt-Si and Pt-O 

bonds, and all are approximately planar, with the cluster plane oriented roughly 

perpendicular to the SiO2 surface plane for the three lowest energy structures, and roughly 
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parallel for isomer IV. The structures all have one Pt atom with a significant negative Bader 

charge (up to –0.64 e), one or two atoms with the charges near zero, and one or two with 

significantly positive charges (up to +0.47 e).  The net charge on the cluster is –0.1 e for 

the two structures with significant thermal populations, and the net charges for the two 

higher energy isomers are –0.1 e and –0.06 e.  
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Figure 2.11. The geometry and spin state of local minima structures of (a) Pt4 and (b) Pt4Sn3 
clusters deposited on SiO2 along with their corresponding Boltzmann population at 700 K obtained 
from DFT calculations. Charge on each atom is calculated using Bader charge scheme. Note that 
the singlet Pt4 structure is 4° more away from the vertical line (tilted forward) than the global 
minimum structure. (c) Total and site-projected spin-up density of states of Pt4Sn3/SiO2 and 
Pt4/SiO2, shown in black (total), blue (Pt), red (Sn), green (Si), and magenta (O). (d) Zoom at 
the Pt- and Sn-projected spin-up density of states of Pt4Sn3/SiO2 shows the interaction between 
Pt d orbitals and Sn valence orbitals resulting in quenching the unpaired electrons on Pt4. 

 

For Pt4Sn3/SiO2, only three thermally-accessible structures were found, compared to 

13 for gas-phase Pt4Sn3. It appears that binding to SiO2 substantially suppresses the number 

and diversity, i.e. fluxionality of these clusters compared to the gas phase, as might be 

expected. Furthermore, the global minimum of Pt4Sn3/SiO2 strongly dominates the 

population at all temperatures because it is significantly more stable than the other isomers. 

The two lowest energy isomers both bind to the surface via Pt atoms, and for all three 

isomers there are at least three Pt atoms with substantially negative charges (up to –0.85 

e).  The global minimum isomer and isomer III have no positively charged Pt atoms.  Isomer 

II has one that is just above zero (0.07 e). The charges for all Sn atoms in all isomers are 
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substantially positive (up to 0.93 e), i.e., there is significant Sn-to-Pt electron transfer, 

reflecting the greater electronegativity of Pt.  The net charge on the Pt4Sn3 cluster is positive 

(+0.29 to +0.42 e), i.e., the presence of Sn reverses the direction of cluster-substrate electron 

transfer. Furthermore, the total and site-projected density of states (DOS and PDOS) of 

Pt4/SiO2 and Pt4Sn3/SiO2 were calculated to further illustrate this (Figure 2.11c,d). By 

comparing the spin-up DOS and PDOS of Pt4Sn3/SiO2 and Pt4/SiO2 near the Fermi level 

(EF), one can easily see the decrease in the intensity of the near-EF Pt PDOS when Sn is 

added to the cluster. This attenuation reveals the Pt-Sn bonding and the drop of these 

bonding states to lower energies. 

To evaluate the propensity of clusters to Ostwald ripening, we computed the 

ensemble-average intra-cluster binding energies––the energies required to dissociate one 

atom (Pt or Sn) from the cluster and put it on the most favorable site on the surface 

(Eclust,bind, Table 2.3). To do this, we also performed global optimizations of the product 

states, Pt3/SiO2, Pt/SiO2, Pt4Sn2/SiO2, Pt3Sn3/SiO2, and Sn/SiO2, sampling both the cluster 

geometries and the binding sites on the support. Moving a Pt atom from Pt4/SiO2 to the 

support costs only ~0.32 eV, whereas for Pt4Sn3/SiO2 the energy cost is calculated to be 

~50% higher. On the other hand, removing Sn from Pt4Sn3/SiO2 to the support costs only 

~0.3 eV, i.e., roughly the same energy as that needed to remove Pt from Pt4/SiO2. Hence, 

the calculations suggest that Sn atoms might dissociate from the PtnSnx clusters at high 
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temperatures and migrate to other clusters, but the Pt core of the clusters is likely to remain 

intact as long as the cluster contains some Sn. This suggests that Pt should be sintering 

resistant in the presence of Sn, even though Sn itself might be mobile.  

 

Table 2.3. Ensemble-averaged intra-cluster binding energy (Eclust,bind) and binding energies to SiO2 
(Esurf,bind) of Pt4 and Pt4Sn3 calculated at relevant temperatures (see computational methods for 
formulas). For Pt4Sn3 the values in parenthesis correspond to the energy required to remove one Sn 
atom from the cluster. 

Cluster 
Eclust,bind(eV) Esurf,bind(eV) 

450 K 700 K 450 K 700 K 

Pt4/SiO2 0.32 0.31 –6.14 –6.17 

Pt4Sn3/SiO2 0.47(0.31) 0.46(0.29) –7.25 –7.26 

 

DFT also finds that Sn significantly strengthens the binding of the Pt clusters to the 

surface (Esurf,bind(eV), Table 2.3), although even the pure Pt4 clusters are quite strongly 

bound.  There is a ~1.1 eV ensemble-average increase in the binding energy of the cluster 

to the surface upon addition of Sn. There is no particularly enhanced covalent overlap 

between the states of the support and the states on Pt or Sn. Thus, we attribute the 

strengthening of the PtSn-SiO2 bonding to the increase in the absolute charge transfer 

between the cluster and support, which increases binding by the Columbic attraction. In 

addition to thermodynamic stabilization, the effect would also tend to increase the barriers 
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to diffusion across the ionic SiO2 surface, because the system would have to pass through 

regions of repulsive ionic interactions and/or reorganize electronically and geometrically. 

Thus, the theoretical findings indicate that Sn alloying should tend to stabilize sub-nano Pt 

clusters against sintering by several mechanisms. 

 It is arguably more important that cluster withstand sintering when they are covered 

with adsorbates in reaction conditions. To probe this, we performed a series of 13CO TPD 

experiments. (Figure A.8) CO is not just a relevant carbonaceous adsorbate, but also is a 

useful TPD probe that binds strongly to Pt clusters, and reports on the number and 

energetics of reactant-accessible Pt binding sites. Moreover, the results of the global 

optimization of CO/Pt4/SiO2, CO/Pt4Sn3/SiO2, (CO)2/Pt4/SiO2, and (CO)2/Pt4Sn3/SiO2 

are shown in Figure 2.12. 
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Figure 2.12. Local minima structures of (a) CO/Pt4/SiO2, (b) (CO)2/Pt4/SiO2, (c) 
CO/Pt4Sn3/SiO2, (d) (CO)2/Pt4Sn3/SiO2, obtained from global optimization. CO Adsorption 
energy (Eads) and the Boltzmann population at 700 K (P700K) are written below each structure. 
Note that for (CO)2/Pt4/SiO2 and (CO)2/Pt4Sn3/SiO2, the adsorption energy corresponding to the 
second CO is shown (second adsorption energy). 
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 For Ptn/SiO2, the CO desorption was bimodal, and the relative intensities of the low 

and high temperature components varied with both cluster size and TPD run which can be 

justified using the CO binding energies obtained from DFT calculations. Consider the first 

run (Figure A.8a black) on each sample. For Pt4/SiO2 and Pt7/SiO2, the low temperature 

features had only ~25% higher integrated peak intensity than that for SiO2, but those for 

the larger clusters were substantially larger. Note, however, that the low temperature 

desorption from Ptn/SiO2 samples was always stronger than that from Pt-free SiO2, and was 

consistent in multiple runs for each Ptn deposited on separately mounted SiO2 substrates. 

Hence, there are sites associated with the presence of Ptn that desorb CO at low 

temperatures. From calculations of one and two CO molecules binding to Pt4/SiO2, we can 

tentatively assign the lower CO binding energies to the sites at the cluster periphery where 

CO adsorbates point parallel to the support. However, we did not consider larger supported 

clusters to be certain. In the 2nd CO TPD, these features increased more for the small 

clusters, such that all clusters had similar numbers in the 2nd TPD runs. 

 

2.6 Conclusions 

 Alloying of subnano Ptn clusters with Sn resulted in considerable improvement in 

selectivity by blocking the di-s binding mode of ethylene, while preserving the p mode. The 
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origins of this selectivity are electronic and geometric. For these model catalysts, Sn 

modification almost completely suppresses carbon deposition, i.e., coking, and unlike the B-

induced suppression of coking, it does so without lowering the ethylene binding energy. The 

DFT results show that Sn and Pt mix intimately, with substantial Pt-to-Sn electron 

transfer. The clusters have exclusively spin-singlet isomers, and ethylene binds to Pt in 

PtSn in an exclusively p-mode. In contrast, Sn-free Pt clusters have both closed and open-

shell structures, allowing ethylene to bind strongly in di-s geometries that tend to undergo 

dehydrogenation, rather than desorption. The electronic, structural, and mechanistic effects 

of Sn closely resemble those for Si and Ge recently predicted theoretically. 

 Sn-modification clearly makes two highly desirable changes to sub-nano-Ptn/alumina 

catalysts for potential applications in fuel-rich, high-temperature applications. First, it 

almost completely suppresses dehydrogenation to deposit carbon on the surface. In addition, 

repeated TPD experiments show very little run-to-run change in the C2D4 desorption 

intensity or temperature dependence, indicating that the catalysts are also more thermally 

stable than Sn-free Ptn clusters on alumina. Both factors would be highly desirable in 

applications where the catalysts must be stable against coking and sintering. One such 

application is alkane-to-alkene dehydrogenation as an endothermic reaction for air vehicle 

cooling. The gas-phase Sn deposition process used could, presumably, be adapted to modify 

small Pt clusters supported on alumina-coated lines and other fuel system parts.   
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Chapter 3 

Can Fluxionality of Subnanometer Cluster Catalysts 

Solely Cause Non-Arrhenius Behavior in Catalysis? 
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“Research is to see what everybody else has 
seen, and to think what nobody else has 
thought.”  
 
Albert Szent-Györgyi 

3.1 Introduction  

 The impressive empirical relationship between the rate constant of a reaction and its 

activation energy, which was proposed by Arrhenius193 in 1889 and is still widely being used 

in catalysis, can be written as 

𝑘(𝑇 ) = 𝐴𝑒
−FG
HIJ  (3.1) 

, where A is the pre-exponential factor, Ea is the activation energy, and kB is the Boltzmann 

constant.194–196 Recently, it has been shown that, for dynamic catalytic interfaces, metastable 

structures of the catalyst rather than the global minimum can play an important role in 

defining the thermodynamic and the kinetic properties of the interfaces.17,18,150 Perhaps the 

most dramatic examples of such an interface are supported nano- and subnanoclusters. The 

potential energy surface of metal clusters can have several stable structures (local minima) 

with different energies. The difference between the energies originates from their differences 

in geometries and electronic structures (chemical bonding, spin states). Since different 

isomers have different structures, spin states, and energies, their frontier molecular orbitals 

look different and have different energetics. This affects their interaction with the reagents, 

and the resultant reaction pathways and barriers. An ensemble-average approach was 

introduced to capture the contribution of important low-lying isomers to the properties of 
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such systems.47,66,67 For the kinetics, one can define the ensemble average rate constant based 

on the all thermally accessible isomers populated at reaction temperature as67,197 

𝑘'./ = ∑ 𝑃$𝐴$𝑒
−FG,L
HIJ

.

$
 (3.2) 

, where Pi is the Boltzmann population of isomer i at temperature T, which can be written 

as  

𝑃$ ≈ 𝑒
−FL
HIJ

∑ 𝑒
−FL
HIJ

$

 
(3.3) 

, assuming that only the electronic energy contribution is important, and ignoring the 

degeneracy. In general, if we neglect the temperature-dependence of the pre-exponential 

factor, the ln(k) vs 1/T plot should be linear, and the slope of this plot is equal to −Ea/kB. 

For an ensemble of fluxional clusters, we can use kens defined in equation 3.2 and calculate 

the slope of ln(kens) vs 1/T plot as 

𝑠𝑙𝑜𝑝𝑒 = 𝑑(𝑙𝑛𝑘'./)
𝑑 (1

𝑇 )
= 1

𝑘W
⎝
⎜⎜⎜
⎛∑ 𝐸$𝑒

−FL
HIJ.

$

∑ 𝑒
−FL
HIJ.

$

−
∑ (𝐸$ + 𝐸-,$)𝑒

−(FL+FG,L)
HIJ.

$

∑ 𝑒
−(FL+FG,L)

HIJ.
$ ⎠

⎟⎟⎟
⎞

 
(3.4) 

(see Appendix F for a detailed derivation). As can be seen from equation 3.4, the first term 

in parentheses is nothing but the ensemble average energy of the reactants 〈𝐸_〉 and the 

second term can be interpreted as the ensemble average energy of the transition states 

〈𝐸J9〉. Hence, we can write the activation energy corresponding to an ensemble of fluxional 

clusters as 
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〈𝐸-〉 = 〈𝐸J9〉 − 〈𝐸_〉 (3.5) 

Equation 3.5 shows that the activation energy of an ensemble of fluxional clusters can be 

written as the difference between the ensemble average energies of the transition states and 

the reactants corresponding to all thermally accessible isomers at the reaction temperature. 

This finding is, in fact, similar to what Tolman198 proposed in 1920 based on a statistical 

mechanic approach. He suggested that the activation energy of a reaction can be defined as 

the difference in the average energy of reacting species minus the average energy of reactant 

species. Moreover, Truhlar,199 using reactive cross sections in collision theory, further 

expanded Tolman’s interpretation of the activation energy. Recently, Piskulich et al.200 

wrote an informative feature article on the interpretation of activation energies for 

dynamical processes, and the new approaches that use the fluctuation theory to determine 

the activation energy for an arbitrary dynamical time scale at a single temperature. Here, 

based on what we proposed in equations 3.2−3.5, we try to investigate whether fluxional 

catalytic clusters are able to exhibit a non-Arrhenius behavior solely due to their 

fluxionality. First, we investigate some hypothetical ensembles of clusters each characterized 

by a certain barrier of the catalyzed reaction, and then we discuss whether or not the effect 

is physically feasible in an actual catalytic system. Here we should emphasize that the effect 

of the adsorbate coverage, which can influence both the number and types of sites available 

at a heterogeneous surface, on the kinetics of the reaction has been studied before using ab 
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initio modeling;201 therefore, it is not the main focus of this study. In general, it would be 

more informative to isolate each parameter (fluxionality in this case) and examine its 

influence on our models. Moreover, in the original Arrhenius paper,193 he proposed his 

reaction rate model based on the inversion of cane sugar reaction by acids and never took 

into account the effect of coverage.  

 In each theoretical ensemble case study, we set the relative energy of each isomer Ei, 

and its corresponding activation energy Ea,i, in order to calculate kens. Then for each case 

study we calculate R2 corresponding to the ln(kens) vs 1/T plot in the range of 300−1000 K 

as a measure of linearity of the plot to determine whether the ensemble shows a non-

Arrhenius behavior or not. Note that it has been shown that hundreds of isomers can be 

found especially for gas phase clusters by exploring the PES;18,47,150,202 however, the fact that 

many cluster isomers can be found does not mean that all of these structures contribute to 

the catalysis. Based on the Boltzmann population, only isomers which are within ∼0.4 eV 

relative to the global minimum can have a non-negligible contribution at reaction 

temperatures (up to 700 K), and other isomers are irrelevant at catalytic temperatures. 

Moreover, previous studies on the global optimization of supported subnanometer clusters 

have shown that there are typically less than ten, or at most tens of local minima structures 

that dominate at typical reaction temperatures of up to 700 K.9,18,47,49,51,66,151,197,203,204 As a 

result, the ensemble energetics in this study are chosen such that they resemble realistic 
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catalytic systems.9,49,67,150 Furthermore, we assume that the observed activation energy, 

which is an ensemble average over the activations energies of all thermally accessible 

isomers, rather than activation energy for each isomer will change as a function of 

temperature due to the change in the Boltzmann populations. Also, we assume that the 

pre-exponential factor is similar for different isomers of the same cluster (so no change as a 

function of T), while the activation energies are different. Since these isomers have different 

energies and stabilities, we believe it is a fair assumption to make. 

 

3.2 Results and Discussion  

 In the first case study, we choose an ensemble of two isomers with the relative 

energies of E1 = 0 and E2 = 0.05 eV, which is not atypical in cluster catalysts. Then, we 

explore different combinations of Ea,1 and Ea,2 in the reasonable range of 0−2 eV with the 

step size of 0.01 eV, resulting in 40,000 different combinations. Figure 3.1a shows the whole 

search space, and Figure 3.1b shows the most significant part of the search space (low R2), 

which constitutes a very small region of the overall search space.  
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Figure 3.1. (a) R2 value obtained from 40,000 different combinations of Ea,1 and Ea,2 in the range 
of 0–2 eV for the ensemble of two isomers with relative energies E1 = 0 and E2 = 0.05 eV. (b) 
The region with low R2 values (Ea,1 < 0.2 eV) is zoomed on. The temperature range in which R2 
is calculated is 300–1000 K. 

 

As can be seen, based on the R2 value obtained for all different combinations of Ea,1 and 

Ea,2, the majority of the search space shows a clear Arrhenius behavior of the ensemble. 

There is only a very small region in which R2 significantly deviates from 1.0, and that 

requires a very small Ea,1. In fact, for the ensemble of two isomers to show a non-Arrhenius 

behavior the activation energy corresponding to the global minimum (Ea,1) should be less 

than ∼0.025 eV. This small activation barrier makes the ensemble unlikely to exist (and 

show its non-Arrhenius behavior) in practice. It is also possible that the very small barrier 
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may be indicative of a chemically unstable catalyst isomer 1. For example, such a cluster 

could strongly and irreversibly bind the products of the reaction step. Note that other 

possible relative energies in the ensemble have also been explored (summarized in Figure 

B.1). It is clear from Figure B.1 that the non-Arrhenius region still constitutes a small 

fraction of the overall search space. However, the larger the difference between E1 and E2, 

the smaller the region corresponding to the non-Arrhenius behavior. This is not unexpected 

since in that case the ensemble will become more and more dominated by the single global 

minimum structure. 

 In the next example we look at a more realistic catalytic system: an ensemble of five 

catalyst isomers with the relative energies of E1 = 0, E2 = 0.01, E3 = 0.10, E4 = 0.15, and 

E5 = 0.20 eV. The energy distribution was chosen such that the included local minima get 

populated enough to affect the rate proportionally to their Boltzmann populations. Note 

that the search space of activation energies grows exponentially with the number of isomers; 

therefore, based on the results obtained for the ensemble of two isomers, we change the step 

size from 0.01 to 0.1 eV for the activation energies between 0.1−2.0 eV (the less interesting 

region) but keep 0.01 eV as the step size for the activation energies between 0−0.1 eV (the 

more interesting region). This approach ensures that we still explore the important part of 

the search space, but at the same time, it keeps the computational cost at a reasonable 

level. All R2 values along with their corresponding Ea,i values can be found in Appendix B. 
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Some of the Ea,i combinations with more realistic barriers along with their corresponding R2 

are summarized in Table 3.1. 

 

Table 3.1. R2 Corresponding to ln(kens) vs 1/T Plot of an Ensemble of Five Isomers with the Energy 
Distribution of E1 = 0, E2 = 0.01, E3 = 0.10, E4 = 0.15, and E5 = 0.20 eV Obtained for Different 
Combinations of Relative Energiesa 

Ensemble Ea,1 (eV) Ea,2 (eV) Ea,3 (eV) Ea,4 (eV) Ea,5 (eV) 
R2  

(lnkens vs. 1/T) 

1 0.90 0.01 0.80 0.60 0.70 0.7298 

2 1.90 0.01 1.80 1.60 1.70 0.7286 

3 2.00 0.01 1.90 1.80 1.90 0.7290 

4 0.60 0.01 1.80 0.50 0.20 0.7853 

5 1.90 0.02 1.80 1.60 1.70 0.9468 

6 0.01 0.20 1.80 0.20 1.80 2 × 10–5 

7 0.01 1.90 1.00 0.70 1.60 0.4683 

8 0.01 0.01 0.08 1.70 0.30 0.6433 

9 0.02 0.40 1.40 0.30 0.80 0.7987 

aThe temperature range in which R2 is calculated is 300−1000 K. 

 

It is clear from Table 3.1 that there are some ensembles with low R2 in which Ea,2 

rather than Ea,1 is the smallest barrier. In these cases, the reaction kinetics is dominated by 

the second isomer rather than the global minimum. On the other hand, there are many 

cases where the global minimum isomer has the smallest barrier, and still the ensemble 

shows a non-Arrhenius behavior. However, in all cases that show a non-Arrhenius behavior, 
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there should be at least one barrier lower than 0.02 eV, and no cases were found where R2 

< 0.8 and all Ea,i > 0.02 eV. Note that the energy of isomer 2 in the ensemble is very close 

to the energy of the global minimum, which is something that can happen in practice. This 

can affect the ensemble rate constant if the barriers corresponding to these isomers are 

significantly different, which is apparent from Table 3.1. Nevertheless, there are some cases 

in which Ea,1 = Ea,2 and the ensemble still shows a non-Arrhenius behavior (see, for example, 

ensemble 8 in Table 3.1). 

Figure 3.2 shows how the ensemble behaves as the barrier becomes larger (Ea,2 

changes from 0 to 0.05 eV), while other parameters of the ensemble are kept constant. We 

choose ensemble 2 from Table 3.1 as an example in this case. One can see that for Ea,2 < 

0.02 eV the plot is clearly non-Arrhenius; however, once Ea,2 becomes larger than that, the 

ensemble shows the Arrhenius behavior. Furthermore, the plots in Figure 3.2 are similar to 

the ones that can be found in the Marcus inverted region.205–211 
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Figure 3.2. (a–f) Arrhenius plots of the ensemble of five isomers with relative energies of E = 
[0, 0.01, 0.1, 0.15, 0.2 eV] and activation energies of Ea = [1.90, Ea,2, 1.80, 1.60, 1.70 eV] in the 
temperature range of 300–1000 K as a function of Ea,2. Note that, for Ea,2 > 0.05 eV, the plot 
becomes completely linear (R2 > 0.99). 

 

In addition, we investigate how the energy distribution in the ensemble can affect 

the R2. In this case, we keep the activation energies constant and instead change the relative 

energies of the isomers in the ensemble. As an example, we choose ensemble 2 from Table 

3.1, which was found in the previous search, and change the relative energies in the 

ensemble. Note that, once the relative energies become large, they no longer contribute to 

the ensemble; therefore, the energies should be chosen such that each isomer still can 

contribute to the ensemble rate constant. The obtained results are summarized in Table 

3.2. Here, once the energy of second isomer relative to the global minimum reaches 0.05 eV, 

the correlation value becomes ∼0.98 and the plot becomes linear. 
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Table 3.2. R2 of lnkens vs. 1/T plot of an ensemble of 5 isomers with the activation energies of Ea,1 
= 1.90, Ea,2 = 0.01, Ea,3 = 1.80, Ea,4 = 1.60, and Ea,5 = 1.70 eV obtained for different combinations 
of activation energies. The temperature range in which R2 is calculated is 300 – 1000 K. 

E1 (eV) E2 (eV) E3 (eV) E4 (eV) E5 (eV) 
R2  

(lnkens vs. 1/T) 

0 0.001 0.01 0.10 0.15 0.5585 

0 0.01 0.10 0.15 0.20 0.7286 

0 0.02 0.10 0.15 0.20 0.9024 

0 0.05 0.10 0.15 0.20 0.9775 

 

Furthermore, as can be seen from Figure 3.2, there is a maximum value for the reaction 

rate constant for the ensemble of five isomers. According to equation 3.5, the slope of the 

ln(kens) vs 1/T plot is −1
HI

(〈𝐸J9〉 − 〈𝐸_〉). At the maximum of the plot the slope is zero; 

hence, to test the validity of equation 3.5, one can calculate −1
HI

(〈𝐸J9〉 − 〈𝐸_〉) for the 

ensemble of interest, find the temperature at which the slope is zero, and compare it to the 

temperature that the plot itself shows at maximum. This shows that, for an ensemble, 

calculating −1
HI

(〈𝐸J9〉 − 〈𝐸_〉) as a function of T is a good indicator whether the catalyst 

would show a non-Arrhenius behavior. To test it, we calculate −1
HI

(〈𝐸J9〉 − 〈𝐸_〉) as a 

function of T for all cases shown in Figure 3.2 (see Figure 3.3). Based on Figure 3.3, the 

temperatures at which the slope becomes zero for Ea,2 = 0, 0.001, 0.01, 0.15, 0.02, and 0.05 

eV are 439, 463, 660, 767, 880, and 2094 K, respectively. This is in full agreement with 
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Figure 3.2. Note that, for Ea,2 = 0.05 eV, we do not see the peak in the range of 300−1000 

K. The change in slope sign is apparent for the cases where Ea,2 < 0.02 eV in the temperature 

range of 300−1000 K, and that results in a non-Arrhenius behavior. 

 

 

Figure 3.3. Slope of the ln(kens) vs 1/T line as a function of temperature for the ensemble of 
five isomers shown in Figure 3.2. The temperatures at which the slope becomes zero for Ea,2 = 0, 
0.001, 0.01, 0.15, 0.02, and 0.05 eV are 439, 463, 660, 767, 880, and 2094 K, respectively. 

 

 In practice, several systems have been found in which the global minimum structure 

of the catalyst is not the one responsible for the kinetics of the reaction, i.e., a metastable 

structure with higher energy than the global minimum is found to have lower reaction 

barrier than that of the global minimum.67,203 As an example, we look at the ethane 
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dehydrogenation reaction catalyzed by Pt4/SiO2 and Pt4Sn3/SiO2.204 Figure 3.4 shows the 

barriers for each thermally accessible isomer of Pt4/SiO2 and Pt4Sn3/SiO2 as well as the 

Arrhenius plot (ln(kens) vs 1/T) obtained for Pt4/SiO2 and Pt4Sn3/SiO2. It is clear that both 

plots show a highly linear behavior even in the case of Pt4Sn3/SiO2 where the second local 

minimum structure has the highest rate constant. Comparing to theory, we can attribute 

this result to the relatively high barriers of the clusters compared to the theoretical 

investigations, which showed that at least one isomer should have a barrier less than 0.02 

eV. In fact, this is one of the main reasons that in practice we do not see non-Arrhenius 

behavior for the ensemble of fluxional clusters due solely to their dynamicity. It is obvious 

that other factors such as change in the mechanism of the reaction due to the presence of a 

metastable isomer, or change of catalyst composition due to a particular reactivity of some 

of its states, can result in deviating from the Arrhenius behavior; however, such cases are 

not the focus of this study. 
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Figure 3.4. (a) Arrhenius plot of ethylene dehydrogenation reaction catalyzed by Pt4/SiO2 and 
Pt4Sn3/SiO2 in the temperature range of 300 – 1000 K. (b) Rate constants and barriers calculated 
for each of the 3 isomers of Pt4/SiO2 and Pt4Sn3/SiO2 populated at reaction temperature (700 K).  

 

 We should also note that, as can be seen from equation 3.4, both the thermodynamic 

(change in the Boltzmann population distribution as a function of temperature) and kinetic 

(different activation energies for different isomers) contributions to the observed rate will 

play roles in the ensemble not showing a non-Arrhenius behavior. The ensemble approach 

can lead to a different view of reaction kinetics in addition to thermodynamics. Chemically 

distinct states of the catalyst get populated as T increases, and, if these states have barriers 

significantly different from that of the global minimum, the Arrhenius plot should be 

nonlinear.  
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3.3 Conclusions  

 In summary, we propose a simple modification to the Arrhenius equation 

using an ensemble-average representation is to write the ensemble rate constant in terms of 

rate constant of every state weighted by Boltzmann populations. Moreover, non-Arrhenius 

behavior can be found in an ensemble of cluster catalysts when at least one of the local 

minima has a barrier significantly lower (< 0.02 eV) than other local minima. Note that 

the number of isomers which are energetically close to, or even degenerate with, the global 

minimum is another key factor for the ensemble to have a nonlinear Arrhenius plot. On the 

other hand, due to the significantly small barrier requirement, which is in the order of 

magnitude of kT at room temperature, such a system might not be easily found in practice. 
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Chapter 4 

Dynamics of Subnanometer Pt Clusters Can Break the 

Scaling Relationships in Catalysis  



   86 

“Life...is a relationship between molecules.”212 
 
Linus Pauling  

4.1 Introduction 

In catalysis, there are simple but powerful linear relationships, known as scaling 

relationships, between thermodynamic properties of the chemically-related intermediates in 

a catalyzed reaction.70,213,214 These powerful relationships are the direct consequence of bond 

order conservation. According to the bond order conservation principle, which was first 

developed by Linus Pauling for ionic crystals,215,216 the bond valence sum around an atom 

should be equal to its valence. It has been shown that bond valence sum of an atom in a 

solid without metal–metal bonds is a proper indicator of its oxidation state.217 This principle 

was extended to covalent bonding using bond valence model (BVM)217,218 and to describe 

surface phenomena including chemisorption in catalytic reactions.219,220 In fact, bond order 

(𝑥), based on an empirical approach suggested by Pauling, is related to the bond distance 

(𝑟) in the two-center M–A bond using equation (4.1): 

𝑥 = 𝑒− ,−,0-  (4.1) 

, where 𝑟0 and 𝑎 are two constants representing equilibrium M–A bond distance, and the 

softness of the bond (Morse parameter) respectively. Note that Levi et al. have shown that 

this approach can also be used for compounds containing metal–metal bonds with a slight 

modification to the definition of bond order to effective bond order.221 Assuming that M–A 

potential follows Morse potential, which can describe both attractive and repulsive forces, 
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and M–A bonding energy is pairwise additive one can find an expression for the heat of 

adsorption of a molecule AB bonding to a surface metal atom in an atop configuration with 

A end attached to the surface is 

𝑄fW =
𝑄0,f

2

𝑄0,f + 𝐷fW
 (4.2) 

, where 𝑄0,f and 𝐷fW are heat of chemisorption of coordinated adatom A and A–B gas-

phase dissociation energy respectively. Also, the corresponding bonding energy for single 

adatom A can be written as 

𝑄f = 𝑄0,f(2 − 1
𝑛) (4.3) 

, where n is the number of metal atoms interacting with atom A (e.g. n = 1, 2, 3 correspond 

to atop, bridge, and hollow sites respectively). Note that details of derivation of equations 

(4.2) and (4.3) can be found in appendix E. By comparing equations (4.2) and (4.3), one 

can see there is a clear relation between A and AB adsorption energies. More relations 

between polyatomic molecules adsorbed in different positions can be found here.219,220 In fact, 

these early attempts which were made by Shustorovich and Bell in the late ‘80s and early 

‘90s gave pretty good results in agreement with the experimental ones.222–229 Furthermore, 

Abild-Pedersen et al.230 showed that the correlation between binding energies of A and AHx 

adsorbed on metallic surfaces has its roots in the effective medium theorem and the d-band 

model. 
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Scaling relationships in catalysis provide a simple linear relationship between 

thermodynamic properties of chemically related species involved in a catalyzed reaction, 

across a range of catalytic surfaces. Examples include correlations between NH and NH2 

binding energies in ammonia synthesis and between O, OH, and OOH in oxygen reduction 

reaction (ORR).231–233 These simple but elegant relations have drawn the attention of many 

researchers in catalysis.53,231–238 Although this simplicity leads to the ability to describe 

catalytic systems in terms of simple descriptors, such as the position of the d-band center 

and coordination numbers, scaling relations put an intrinsic limitation on the catalyst 

maximum activity. In fact, volcano plots are the results of linear relations between the 

kinetics and thermodynamics of the catalyzed reaction, implying that there is a maximum 

(at the top of the volcano) for the catalytic activity for each reaction.231,232,234,239,240 Since 

these relations impose a significant limitation on catalysts design, designing active sites 

which deviate from these relations are of significant interest. Hence, there have been some 

efforts to find ways to break the scaling relationships and thus enhance the catalytic 

performance beyond the imposed maximum.241–243 Here, we explore the properties of subnano 

Pt clusters in the nonscalable regime, i.e., a regime where properties change 

nonmonotonously with changes in cluster size, in the context of ORR catalysis as an 

example. We show that small Pt clusters do not necessarily follow a highly correlated linear 

relation and can potentially break the scaling relations, opening opportunities for 
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outstanding catalytic performance. Excitingly, this apparent mechanistic complication could 

be used to our advantage: The fact that different reaction intermediates and transition 

states are all bound to different states of the catalyst brings a possibility of breaking scaling 

relations in catalysis. 

 

4.2 Oxygen Reduction Reaction (ORR) on Pt Clusters 

 The mechanism of ORR has been extensively investigated in the past.244,245,254,246–253 It 

is known that platinum nanoparticles can catalyze ORR.255–257 Although nanoparticles with 

smaller size, around 1 nm, cannot efficiently catalyze ORR because of poisoning,258 it has 

been shown that Pt subnano clusters catalyze ORR at an even higher rate than 

nanoparticles.259–261 Both gas-phase and surface-deposited Pt subnanometer clusters have 

been studied theoretically and experimentally for the catalysis of ORR.259,262,263 Because the 

mechanism of this reaction is the same in the solution and in the gas phase27 and the gas-

phase case is more computationally feasible, gas-phase Pt clusters have been more attractive 

for theoretical studies. Moreover, the approach is justified by the fact that graphene, being 

a suitable electrode material, causes no significant change to the geometries of the gas-phase 

Pt clusters, such as Pt13, upon deposition.27 This study considers gas-phase and graphene-

deposited Ptn clusters of varying sizes and addresses the ORR scaling relations in the 
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subnano regime. For ORR, different mechanisms have been proposed in acidic and alkaline 

solutions, among which the four-electron process in acidic solution can be written as264 

O2 + 4H+ + 4e– ® 2H2O 

In the dissociative mechanism of the reaction, O, OH, and OOH are the involved 

intermediates.246 These are also the species whose binding energies to the catalysts typically 

correlate. In this study we show that the correlation between the binding energies of each 

pair of these molecular fragments to Pt subnano clusters is weak, and the reason is the 

structural fluxionality of clusters that easily change upon changing adsorbate and coverage. 

Importantly, this is a test case, while the conclusions are potentially generalizable to other 

types of subnano clusters and other catalytic processes bound by scaling relations. Cluster 

dynamics emerges as a potential tool for circumventing scaling relations.  

 

4.3 Computational Methods 

 Plane wave density functional theory calculations were performed using the Vienna 

Ab initio Simulation Package (VASP)153–156 using projector augmented wave (PAW) 

potentials152 and the PBE265 functional. For the relaxation calculations presented in this 

study, large kinetic energy cutoffs of 400.0 eV and convergence criteria of 10–6 eV were 

employed. Geometric relaxation was performed until forces on atoms were smaller than 0.01 

eV/Å. Also, Gaussian smearing with the sigma value of 0.1 eV was used. Single-point 
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calculations were done using the PBE0266,267 functional on the structures obtained from the 

relaxation step using the PBE functional. The energy cutoff of 0.8 eV was used to filter 

local minima structures obtained from PBE calculation, which are then fed into PBE0 

single-point calculation. Geometry relaxation of metal clusters using a hybrid functional, 

such as PBE0, usually causes some problem for the calculation to converge; however, 

geometries obtained from PBE calculations are usually reliable enough if a large enough 

energy cutoff is used to consider a significant number of local minima. A large unit cell of 

20 Å × 20 Å × 20 Å was used for gas-phase calculations. Note that, for gas-phase 

calculations, in order to produce initial cluster geometries, we used our in-house code, 

PGOPT,47 which automatically generates these structures based on the bond length 

distribution algorithm.32,33 Then each structure was optimized using DFT calculation, and 

duplicates were filtered out thereafter. For Pt5 deposited on graphene, the basin hopping40,41 

algorithm implemented in PGOPT was used to determine the global and local minima 

structures. The experimental cell parameter of a = 2.46 Å was used for graphene.268 The 

unit cell was grown to a (6 × 6) surface, and a vacuum gap of 15 Å was used. This results 

in a supercell with parameters of a = 14.76 Å, b = 14.76 Å, c = 20.0 Å, α = 90°, β = 90°, 

and γ = 120°. Γ-point sampling was used for all calculations. 

 

4.4 Results and Discussions 
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Figure 4.1. Scaling relationship between OH and O binding energies. The blue and red data sets 
correspond to the PBE and PBE0 calculations, respectively. Upper panel: the changes in the 
adsorption energies of O (left) and OH (right) as a function of cluster size. The binding energies 
of the first adsorbate are connected with the solid line, and the binding energies of the second 
adsorbate binding to the cluster are connected with a dashed line. Lower panel: correlations of 
the O and OH binding energies, computed with PBE and PBE0, in blue and red, respectively. 
Data points represent all studied cluster sizes and both coverages. The R2 values showcase the 
poor correlations. The slope of the line is far from the expected 0.5. Also, MAE for PBE data 
points is 0.12 eV and for PBE0 data points is 0.19 eV. MUE does not give a meaningful result 
because of the cancelation of error. 

 

 Figure 4.1 shows the correlation between the calculated OH and O binding energies 

to the gas-phase Ptn (n = 1−6) clusters. The binding energies are calculated for the first 

adsorbate binding to the cluster, and then also the second adsorbate of the same kind. 
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Cluster geometries with and without bound adsorbates are found through global 

optimization of structures generated based on the bond length distribution algorithm 

(BLDA).32,33 The geometries are in agreement with the ones obtained from the Birmingham 

parallel genetic algorithm (BPGA).269 The adsorbate binding energies are calculated with 

respect to the gas-phase adsorbate and (i) the global minimum of the adsorbate-free cluster 

or (ii) the global minimum of the cluster with the first adsorbate bound, for the first and 

second adsorption energy calculations, respectively. 

 In the lower panel, the blue circles and triangles correspond to the binding energies 

of the first and second adsorbate, respectively, obtained from DFT calculations using the 

PBE functional. Because the effective valency changes from 2 for O to 1 for OH, the 

expected slope of the line that relates their adsorption energies is 0.5. As can be seen, the 

slope of the line computed for the global minima of subnano clusters is deviated significantly 

from 0.5. The slope of the line indicates the contribution of the cluster to the optimal 

electron density of the bound atom, i.e., oxygen, in our case.231,232 When the slope is 

significantly less than 0.5, this means that the cluster contributes less than expected to the 

oxygen electron density. The effect implies that the effective medium theorem might not be 

a good approximation for small clusters. In fact, this is not unexpected because the behavior 

of small clusters is far from metallic. Additionally, the R2 of 0.516 shows a poor correlation 

between data points. Moreover, mean absolute error (MAE) and mean unsigned error 
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(MUE) have been calculated for both first and second binding energies. For PBE 

calculations, MAEs for all, first, and second binding energies are 0.12, 0.16, and 0.09 eV 

respectively. Note that mean unsigned errors (MUEs) for the first and second binding 

energies are −0.01 and 0.02 eV, respectively, and will cancel out each other. The net result 

is that the predictability of the trend line might not be robust and reliable. The message 

holds true also for the PBE0 calculations, though in this case, the correlation is even worse 

(R2 = 0.204), and the deviation from the expected slope value of 0.5 is also larger (0.335). 

Furthermore, obtained MAEs for all, first, and second binding energies are 0.19, 0.20, and 

0.18 eV, respectively. Again because of the different sign of MUE for the first and second 

binding energies (−0.03 and 0.03 eV), they cancel out each other. The binding energies 

calculated with PBE0 are generally smaller, but the trends in cluster size correlate well with 

those calculated with PBE. Detailed discussion of the effect of functional on the results can 

be found in Appendix C. 

 In order to illuminate the found poor correlations, we compare OH and O binding 

energy trends across the cluster sizes. In the upper panel, first and second binding energies 

are plotted as a function of number of Pt atoms. It is clear that OH and O binding energies 

do not have the same trends as a function of cluster size, resulting in the poor correlation. 

For instance, Pt5 has the highest O binding energy, whereas Pt4 has the highest OH binding 

energy (Figure 4.1, upper panel, blue circles connected with the solid line). Furthermore, 
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there is an increase in the O binding energy from Pt4 to Pt5. On the other hand, the OH 

binding energy decreases from Pt4 to Pt5. Similar observations can be made for the second 

adsorbate binding energies (Figure 4.1, upper panel, blue triangles connected with the 

dashed line). Interestingly, however, the second adsorbate can bind to the cluster either 

more or less strongly than the first adsorbate, depending on the cluster size. For example, 

the second O binds to Pt4 more strongly than the first O, and that is exactly opposite for 

the OH binding energy (Figure 4.1, upper panel, blue lines). 

 

 

Figure 4.2. Scaling relationship between OOH and O binding energies. The blue and red data 
sets correspond to the PBE and PBE0 calculations, respectively. Color and style schemes and 
data types are analogous to those used in Figure 4.1. Also, MAE for PBE data points is 0.15 eV 
and for PBE0 data points is 0.20 eV. MUE does not give a meaningful result because of the 
cancelation of error. 
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 The OOH and O binding energies and their correlations are shown in Figure 4.2. 

Clearly the correlation is even worse than that for OH and O. The slope of the line obtained 

from PBE is 0.388 (compare with 0.474 for OH and O), and R2 is 0.394 (compare with 0.516 

for OH and O). Again, the outcome of the PBE0 calculation is similar, but the predicted 

correlation is even worse. The slope of the line is again far from the expected 0.5 with both 

functionals, and the deviation is particularly drastic in PBE0. 

 Figure 4.3 illustrates the scaling relationship between the OOH and OH binding 

energies. This particular correlation is the highest one obtained, with the R2 value of 0.591. 

However, this value is still very low compared to that for metallic surfaces, which is usually 

in the range of 0.8−0.95. Furthermore, in this case, the slope of the line is 0.719, which 

deviates significantly from the expected value of 1.0, given that the O atom binding to the 

cluster has the same valency in OH and OOH. Interestingly, the binding energies of the 

first adsorbed OOH and OH correlate quite well across cluster sizes (Figure 4.3, upper panel, 

solid lines), leading to a stronger correlation. However, the effect of coverage is quite 

pronounced, and the binding energies for the second adsorbing OH and OOH exhibit very 

different trends (Figure 4.3, upper panel, dashed lines). These higher coverage results are 

responsible for the overall poor correlation (seen in Figure 4.3 bottom panel), and the failure 

of the scaling relationship. Coverage is not typically explored as a factor affecting scaling 
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relations, but at least in the case of our clusters we see that it can be rather dramatic. The 

effect has to do with the cluster geometry change, and the change of the binding mode of 

OOH and OH when the second adsorbate binds, as discussed in detail below. Taken 

together, our findings so far suggest that small clusters can break the scaling relationship 

in catalysis and may exceed the intrinsic limit on catalytic activity. 

 

 

Figure 4.3. Scaling relationship between OOH and OH binding energies. Color and style schemes 
and data types are analogous to those used in Figure 4.1. The data points corresponding to the 
second binding adsorbate in the lower panel are more scattered, being responsible for the overall 
poor correlation, regardless of the functional. Also, MAE for PBE data points is 0.10 eV and for 
PBE0 data points is 0.12 eV. MUE does not give a meaningful result because of the cancelation 
of error. 
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 Figure 4.4 shows the global minimum structures of gas-phase Pt clusters before the 

adsorption and upon binding the first and then the second adsorbate. These results were 

obtained with PBE0, and the corresponding PBE results are presented in the Supporting 

Information (Figures C.1−C.3 in appendix C). In general, the global minimum structure 

can be functional-dependent. The PBE functional gives a more flat structure for gas-phase 

Pt4, Pt5, and Pt6, whereas PBE0 predicts more globular geometries. However, these 

differences do not change the main conclusions of this study. Also, we have seen in the past 

that in thermal catalysis ensembles of many thermally accessible catalyst states collectively 

determine catalyst properties, such as electronic characteristics,47 activity,9 selectivity,49,51 

and sintering resistance.9,49,51 In the present case, temperatures are milder, and the thermal 

ensembles of clusters states are small, with the vast majority of the population occupying 

the global minimum by Boltzmann statistics. For all cases reported in this work, the 

adsorption energies calculated as ensemble averages minimally differ from the results 

calculated based on just the global minima. We present the ensemble data in the Supporting 

Information (Figures C.4−C.6 in appendix C) and focus on the global minima in the main 

text. 
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Figure 4.4. Global minimum structures of the gas-phase Ptn (n = 1–6) clusters without bound 
adsorbates and with one and then two bound adsorbates, O, OH, and OOH. Clusters outlined 
with solid lines change shapes when going from adsorbate-free to adsorbate-bound, often changing 
also from one adsorbate to another. Clusters outlined in dashed lines change the binding site of 
the adsorbate when the coverage changes. Gray, Pt; red, O; white, H. 

 

The change in cluster shape is adsorbate-dependent, suggesting that the cluster 

should be changing shape in the course of the catalyzed ORR reaction. For instance, Pt5,6 

change geometries when one of O, OH, or OOH binds, and the geometry is every time 

different. We have seen such behavior for small catalytic Pt clusters in the past9,18,47,49,51 and 

also found that cluster-shape change is exceptionally facile, allowing clusters visiting dozens 

of distinct minima in under 1 ns, even when on a supporting surface.66 On the other hand, 

some clusters do not change shape so easily, such as Pt4 and Pt4O, Pt4OH, and Pt4OOH. In 

fact, the cluster size-dependence of the fluxionality adds to the unpredictability (poor 
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correlation) of binding energies. The highly dynamic behavior, which is also size- and 

composition-dependent, is unique to subnano clusters and certainly cannot be found in 

extended surfaces. 

It is important to remark that in this work we operate under the assumption that 

the cluster has a chance to fully rearrange into an equilibrium thermodynamic ensemble in 

every minimum on the reaction profile. In other words, cluster dynamics is fast and 

decoupled from the reaction dynamics. This assumption is supported by our study of 

isomerization of Pt7 on alumina, which appears to be exceptionally quick and structurally 

dramatic.66 However, it is possible that this assumption is not generally applicable. Ideally, 

we would want to know how clusters isomerize and which cluster isomers are really linked 

to each other in the reaction profile of ORR. This computational task would be exceptionally 

demanding and is not within our reach. 

Second, the poor correlations between the binding energies of O, OH, and OOH can 

be traced to the additional effect of the binding site change. In the scaling relationship, 

which was initially developed for extended surfaces, one usually assumes that the binding 

site does not change from surface to surface. However, as can be seen in Figure 4.4, binding 

sites can change from one cluster size to another. For example, O preferentially binds on an 

atop site on Pt4 but on a bridge site on Pt5 and Pt6. Also, OOH preferentially binds using 

both of its oxygen atoms when on Pt2, Pt3, and Pt6 but goes monodentate on the atop 
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position when on Pt4 and Pt5. In addition, O, OH, and OOH may preferentially bind to 

different sites on the same cluster. For example, O binds to the bridge site on Pt5, whereas 

OH and OOH prefer the atop site. For Pt6, O and OH bind on a bridge, and OOH binds 

atop. These changes are fundamentally not too surprising, because every atom in such small 

clusters is unique in its coordination geometry and electronic structure. For example, a 

bridge site on Pt4 is electronically not the same as that on Pt5; every bridge site on every 

Ptn is unique, etc. 

When the coverage increases, the situation changes again (Figure 4.4). The second 

adsorbate may bind to the bridge site or atop, depending on the cluster. The binding 

position is often different from that of the first adsorbate, meaning that their chemistries 

are going to be different. For instance, in Pt2O2 and Pt3O2, and in Pt2(OOH)2, Pt3(OOH)2, 

and Pt5(OOH)2, the two adsorbates bind in two different sites, i.e., bridge and atop. Second, 

the second adsorbate can change the binding site of the first one. For instance, one O is 

bound atop on Pt4, but when two O atoms bind to Pt4, both of them go on the bridge site. 

Similarly, OH binds to Pt5 on a bridge, but two OH bind atop in Pt5(OH)2. It is clear that 

the change in the cluster shape and electronic structure after the binding of the first 

adsorbate affects the binding site preference for the second adsorbate, and the second 

adsorbate in turn changes the cluster and affects the binding of the first adsorbate. In a 

steady state in catalysis, clusters would be covered by different adsorbates at concentrations 
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dictated by the conditions and the adsorption strengths, and so our model reveals only part 

of the story. However, it is clear that every time an adsorbate comes, goes, or changes in 

the reaction, the catalyst itself changes too, altering all other adsorption energies and thus 

escaping the spell of the scaling relations. 

 

 

Figure 4.5. Global minimum structures for Pt5 cluster deposited on graphene with different 
adsorbates and coverage obtained with PBE0. 

 

To determine whether a similar behavior is characteristic of surface-deposited 

clusters, we choose to study at Pt5 deposited on graphene, a support used as an electrode 

in ORR. Figure 4.5 shows the global minimum structures of Pt5 on graphene, with and 

without the substrates, obtained via BH global optimization. Here too it can be seen that, 

when the adsorbate binds to the cluster, it changes its shape, particularly in PBE 

calculations (see appendix C) and particularly upon binding of the second adsorbate. The 

flat and upright shape of Pt5 itself was seen also on MgO(100).270 The second adsorbate can 

influence the preferred binding site for the first adsorbate. For instance, OH binds to the 

bridge site in Pt5OH, but as soon as the second OH binds, both adsorbates bind atop. Note 
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the significant change in the structure of the cluster after the second OH binds to it. To 

determine whether a similar behavior is characteristic of surface-deposited clusters, we 

choose to study at Pt5 deposited on graphene, a support used as an electrode in ORR. 

Figure 4.5 shows the global minimum structures of Pt5 on graphene, with and without the 

adsorbates, obtained from basin hopping algorithm.40,41 Here too it can be seen that, when 

the adsorbate binds to the cluster, it changes its shape, particularly with PBE (see appendix 

C) and particularly upon binding of the second adsorbate. The flat and upright shape of 

Pt5 itself was seen also on MgO(100).270 The second adsorbate can influence the preferred 

binding site for the first adsorbate. For instance, OH binds to the bridge site in Pt5OH, but 

as soon as the second OH binds, both adsorbates bind atop. Note the significant change in 

the structure of the cluster after the second OH binds to it. 

The computed binding energies for the surface-deposited cluster can be added to the 

trend lines shown in Figures 4.1−4.3. Doing this does not improve the trend and does not 

change the main conclusion (see Figure C.7). The results suggest that small clusters, 

whether in the gas phase or on a supporting surface, would break scaling relations because 

of the changes in shape and in the adsorption binding sites, from one adsorbate to the next. 

We can also try to predict the adsorbate binding energies to the surface-deposited cluster 

from the trends obtained for the gas-phase clusters (Figures 4.1−4.3) and compare the 

outcome to the calculations. Table 4.1 shows the comparison. It is important to emphasize 
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that the trend line does not distinguish between the first and second binding energies. 

Therefore, it can be argued that the average error for OH binding energy is 0.07 eV, and 

for OOH it is 0.12 eV, i.e. a factor of 2 smaller than what is reported in Table 4.1. Overall, 

even though a single example is not enough for statistics, we see the error in the binding 

energies varies depending on the adsorbate and can be significant or negligible in an 

unpredictable way. 

 

Table 4.1. Comparison of calculated binding energies of different molecular intermediates on Pt5 
deposited on graphene with the predicted binding energies obtained from gas phase linear scaling 
relationships. All results obtained from PBE functional. 

 𝐸-3/,1
6 (eV) 𝐸-3/,1

6h (eV) 𝐸-3/,1
66h (eV) 𝐸-3/,2

6 (eV) 𝐸-3/,2
6h (eV) 𝐸-3/,2

66h (eV) 

Calculated -5.36 -3.63 -2.23 -5.23 -3.77 -2.42 

Predicted 
(from scaling) 

-a -3.77 -2.44 -a -3.77 -2.44 

Error - 0.14 0.21 - 0.00 0.02 

a. Reference state 

 

It is obvious, however, that using just one example does not show whether the trend 

line obtained from gas phase can be applied to the surface deposited clusters. In fact, Figure 

C.7 shows that the slope of the line deviates even more from the expected value (0.5 for OH 

vs O and 1.0 for OOH vs OH) when the surface-supported results are added. 

 

4.2.3 Conclusions 
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In conclusion, because catalytic clusters at the subnano scale are exceptionally 

dynamic and easily change shapes upon binding different adsorbates, they break scaling 

relations that otherwise impose constraints on the maximal achievable catalytic 

performance. Depending on the cluster size, the change of shape upon binding and changing 

adsorbates and varying coverage may be greater or smaller. The binding sites of all 

adsorbates can be sensitive to the presence or absence of other adsorbates. As a result, 

correlations between the binding energies of adsorbates bound by scaling relations, such as 

O, OH, and OOH in ORR, become very lose, and their overall predictability becomes 

minimal. This is good news for catalysis, because it may allow optimizing catalysis beyond 

the current limits for such precious processes as ORR and ammonia synthesis. The levers 

at cluster catalyst design that may enable this optimization are (i) cluster size (because 

dynamics is cluster size-specific); (ii) reagent concentrations (because the binding sites and 

correlations are affected by coverage); and (iii) to some degree, also temperature (because 

cluster dynamics is enabled by thermal effects). Nanocatalysts are yet again unusual as 

compared to extended surfaces, in this newly found way. 
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Chapter 5 

Interpreting the Operando XANES of Surface-Supported 

Subnanometer Clusters: When Fluxionality, Oxidation 

State, and Size Effect Fight 

 

 

  



   107 

“I don't know anything, but I do know that 
everything is interesting if you go into it 
deeply enough.”271 
 
Richard Feynman 

5.1 Introduction  

 Over the past few decades, there have been considerable advances in understanding 

the X-ray absorption near edge structure (XANES).272–274 The strong scattering of the 

photoelectron and the weak inelastic losses in this region, which is within ca. 30 eV of the 

threshold, make XANES a powerful technique to reveal the structure of systems of 

interest.273 XANES has been used to extract relevant information such as oxidation state 

and geometry of inorganic metal complexes as well as metal and metal oxide surfaces.119,275–

278 XANES is sensitive to geometry and to the oxidation state of the metal center, which 

makes it an important tool to distinguish between different structures.279–282 The pre-edge 

region can be used to estimate the ligand field, spin state, and centrosymmetry of the site.283–

287 On the other hand, the rising-edge region can give information about geometric structure, 

metal–ligand overlap, ligand arrangement, and charge on the metal center.273,288–292 Recently, 

XANES has been used to interpret the covalency of the actinide complexes.293 

Among the many applications of XANES, it has been used as an informative 

operando technique to study supported metal cluster catalysts in reaction conditions.294–299 

In the interpretation of these XANES spectra, the bulk metal and metal oxide standards 

are used for fitting, in order to extract the average oxidation state of the metal in the 
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cluster. However, it has been recently shown that metal clusters in the subnano regime can 

be highly fluxional, and that an ensemble of many thermally accessible isomers rather than 

one stationary global minimum structure is present in the reaction 

conditions.9,17,18,49,51,66,67,185,197 These minima may differ not only by shape, but also by chemical 

composition, such as oxygen content in reaction conditions. This complication inevitably 

puts in question the usual practice of interpreting the operando XANES spectra for cluster 

catalysts. In fact, some aspects of this practice have been challenged already. Anderson et 

al.171 have shown that there is a shift toward higher energies in the Pt L3 edge of Pt24/SiO2 

relative to the bulk Pt, which, at first glance, might be attributed to the increase in the 

oxidation state of the cluster. However, additional analysis of the oxidation state obtained 

from X-ray photoelectron spectroscopy shows that the shift is due to the inherent size effects 

in the nano regime rather than change in the oxidation state of Pt. In addition, Bare and 

co-workers elucidated the structure and dynamics of PtSn/Al2O3 nanoclusters under 

working conditions by combining X-ray absorption spectroscopy and ab initio molecular 

dynamics.299 Furthermore, molecular dynamics simulation has been used to generate X-ray 

absorption fine structure (XAFS) spectra by generating a trajectory of the fully equilibrated 

chemical system also known as the statistic ensemble of the system.300 For each snapshot in 

the trajectory, XAFS is calculated for the atom(s) of interest until an ensemble average 

spectrum is built based on the contributions from all of the structural information in the 
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ensemble. We should note that this technique has been mainly used to characterize the 

structure of solvent molecules (mainly water) surrounding various metal complexes, cations, 

and anions in a solution,301–309 or at an interface.310 In situ XAFS along with nuclear magnetic 

resonance have also been used to investigate the dehydrogenation of dimethylamine borane 

catalyzed by a Rhodium-based complex under working conditions.311 

Here, we study small supported, partially oxidized Cu clusters, and focus on the Cu 

K-edge in XANES.277,281,312 We show that caution is necessary when interpreting the 

experimental operando XANES data for structurally fluxional nanoclusters. One extreme 

example is Cu5O5/ultrananocrystalline diamond (UNCD), which has numerous isomers with 

significantly different geometries that can be present at the interface simultaneously, at 

high temperatures. In the case of Cu4Ox/Al2O3, the specific binding to the support also 

nontrivially influences the XANES signal. Overall, because of the sensitivity of XANES to 

the geometry of the environment surrounding the metal center, the influence of the support 

on the cluster, and the inherent size effect in this regime, the apparent oxidation state 

derived from the experimental spectra should be (i) ensemble-averaged over multiple 

thermally accessible structures and (ii) not directly mapped on the chemical composition. 

We show that fitting to bulk standards does not provide reliable compositions for these 

nanoscale clusters. Instead, fitting the experimental XANES to a group of computed 

XANES spectra of clusters with different compositions gives a much more accurate 
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information about the chemical composition of the dominant cluster in reaction conditions. 

From these fittings, we derive the compositional change of partially oxidized supported Cu 

clusters at varying temperatures. 

 

5.2 Computational Methods 

 All Cu5O5/UNCD and Cu5O3/UNCD local minima geometries were obtained with 

plane wave density functional theory (DFT) calculations implemented in Vienna Ab initio 

Simulation Package153–156 using projector-augmented wave potentials152 and the PBE265 

functional. For the geometry optimizations, kinetic energy cutoffs of 400.0 eV and 

convergence criteria of 10–5 (10–6) eV for geometric (electronic) relaxations were employed. 

In addition, Gaussian smearing with the sigma value of 0.1 eV was used. The UNCD surface 

is represented by a slab model, which was grown from a diamond unit cell with the 

experimental lattice constant a = 3.5668 Å to a (4 × 4) support with the (100) facet exposed 

and separated by a vacuum gap of >14 Å along the z direction.313 A 2 × 2 × 1 Monkhorst–

Pack k-point grid was utilized for all UNCD calculations. During calculations, the bottom 

two carbon layers were kept fixed and terminal hydrogens were applied to both the top and 

bottom of the surfaces. The cut-off energy of 0.4 eV was used in order to choose the 

thermodynamically accessible isomers at relevant temperatures. Note that in order to 

produce the initial cluster geometries on the surface we use our in-house code, parallel global 
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optimization and pathway toolkit (PGOPT),47 which automatically generates these 

structures based on the bond length distribution algorithm (BLDA). Initial structures for 

the global optimization should be created wisely, that is, in such a way that they are less 

prone to suffer from a self-consistent field convergence problem. By avoiding chemically 

unfavorable configurations, the configuration search space will be reduced, which results in 

the reduction of computational cost. One way to do so is by restricting the distance of 

atoms to their closest and second closest atoms to follow a normal distribution. In other 

words, both distances are fitted to normal distribution based on which the initial structures 

are generated. This generation algorithm based on the statistical restriction is called BLDA. 

This algorithm has been extensively used to the sample surface-supported metal cluster 

geometries and compared to experimental results and other algorithms such as Basin 

Hopping.9,51,57,66,151,169,203,314,315 Then, each structure was optimized using DFT calculations and 

duplicates were removed. The amorphous Al2O3–supported Cu4Ox clusters used in this paper 

were obtained by an in-house implemented grand canonical basin hopping method. The 

details are presented in another paper,316 and currently exploited structures refer to the 

optimized stable configurations/stoichiometries under 200 °C and 0.5 bar of O2 gas phase. 

We use the model from a previous paper of Cheng et al.317 in order to represent amorphous 

alumina support. The structure optimizations were conducted at the level of DFT with the 

PBE functional being corrected by Dudarev’s scheme318 of on-site Coulomb interaction (U 
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– J = 2.0 eV) for the d orbitals of Cu atoms. Spin-polarized calculations were used, and the 

cutoff energy for plane waves basis sets is 400 eV. 

The XANES spectra were calculated using the finite difference method (FDM) and 

Hedin–Lundqvist exchange–correlation potential implemented in FDM Near Edge Structure 

(FDMNES) ab initio package.319,320 FDMNES, both for molecular and periodic systems, 

works in real space. The code builds clusters around the absorbing atoms of interest by 

reading in a radius specified by the user. Then, it preforms several independent calculations 

for nonequivalent absorbing atoms. The radius of the calculated cluster in this study in 

order to compute Cu K-edge spectra of Cu4Ox/Al2O3 (x = 2–5) and Cu5Oy/UNCD (y = 3, 

5) is 7 Å. Once the potential is defined and constructed, Schrödinger’s equation is 

discretized, that is, the Laplacian is replaced by a fourth-order polynomial and solved on a 

discrete lattice. This procedure is done self-consistently to improve the initial constructed 

potential. This has a significant advantage over the muffin-tin approximation in which it is 

assumed that the potential in the interstitial regions is constant. We should note that in 

order to calculate the potential at the border of the defined cluster properly, the cluster is 

embedded in a wider cluster.321 After that, the contributions of different absorbing atoms in 

the system are added together. Lastly, the normalization of the spectra and linear 

combination fitting (LCF) were all done using the Athena software.322 LCF was done around 

−10 to 30 eV of the main peak. 
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5.3 Results and Discussions  

 Figure 5.1a,b show the experimental277 and computed Cu K-edge XANES of bulk 

Cu, CuO, and Cu2O. As can be seen, there is an increase in the energy corresponding to 

both the rising-edge and the white line peaks as the oxidation state of copper increases. 

Note that there is a low-intensity pre-edge peak in the computed CuO spectrum stemming 

from the 1s to 3d orbital transition, which is usually hard to obtain from the experiment as 

it is a dipole-forbidden but quadruple-allowed transition. Both theory and experiment 

indicate that in the bulk Cu K-edge XANES the rising-edge and the white line maxima 

shift to higher energies as the Cu oxidation state increases. 
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Figure 5.1. (a) Experimental and (b) simulated XANES spectra of bulk Cu, CuO, and Cu2O. 
(c) Simulated XANES corresponding to the three lowest energy isomers (A–C) of Cu5O5/UNCD 
and (d) Cu5O3/UNCD obtained from global optimization. Note the noticeable difference between 
the shape of the spectrum even within the same chemical composition. All spectra are stacked 
vertically for clarity. Experimental spectra were reproduced with permission from refs 277 and 
323. 

 

The XANES spectra corresponding to the three lowest energy isomers of Cu5O5/UNCD and 

Cu5O3/UNCD, which are within 0.4 eV of the global minimum,323 are shown in Figure 5.1c,d. 

The corresponding cluster geometries (A–C) along with their Boltzmann probabilities of 

being populated at 535 K (temperature of specific selectivity in oxidative dehydrogenation 

of cyclohexane catalyzed by these clusters),9,171,300,324 are shown in Figure 5.3a. It is clear that 

the shapes of the XANES spectra, for example, the positions of the peaks, depend 
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significantly on the cluster geometry. For instance, the position of the rising-edge peaks can 

vary by more than 4 eV from one isomer to another, for both Cu5O5/UNCD and 

Cu5O3/UNCD. This is actually not unexpected, as XANES is sensitive to the geometry 

around the metal center, and geometries of the minima differ significantly, from more open 

and upright, to closed and globular (Figure 5.3a). 

 

 

Figure 5.2. Simulated XANES spectra of the three different isomers of Cu4Ox/Al2O3 (x = 2–5) 
obtained from global optimization. Note the noticeable difference between the shape of the 
spectrum even within the same chemical composition. All spectra are stacked vertically for clarity. 

 

At reaction temperatures (535–550 K in this case), the populated minima of the cluster 

with different geometries will contribute, as weighted by their populations, to the 
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experimental spectra. Hence, the operando XANES measures an ensemble-averaged signal. 

The relative size of the ensemble and the prevalence of the global minimum in the ensemble 

are nontrivially system-dependent. For example, for Cu5O3/UNCD, the global minimum 

heavily dominates, whereas for Cu5O5/UNCD it constitutes only 77% of the population at 

535 K. The calculated averaged spectra of both systems in Figure 5.1c,d should correspond 

to the experiment more closely than the spectra of individual isomers or the global minimum 

alone. The effect of higher-energy isomers on XANES is especially pronounced when the 

ensemble is not dominated by the global minimum structure. 

 

 

Figure 5.3. (a) Local minimum structures of Cu5O3/UNCD and Cu5O5/UNCD obtained from 
global optimization, along with their corresponding Boltzmann populations calculated at 535 K. 
(b) Local minimum structures of Cu4Ox/Al2O3 (x = 2–5) obtained from grand canonical ensemble 
optimization at 473 K and pO2 = 0.5 bar. Note that for every composition of Cu4Ox/Al2O3 (x = 
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2–5), the three lowest energy isomers with significantly different geometries, thus noticeably 
different XANES, were chosen. 

 

Do the spectra correlate with the oxygen content, the hallmark of oxidation? All the energies 

corresponding to the rising-edge and K-edge peak of the bulk Cu, Cu2O, and CuO, and 

Cu5O3/UNCD, Cu5O5/UNCD, and Cu4Ox/Al2O3 (x = 2–5) obtained from our calculations 

are depicted in Figure 5.4 with their values summarized in detail in Table D.1. Comparing 

the spectra of the global minima of the more oxidized Cu5O5-A/UNCD (green), and the 

partially reduced Cu5O3-A/UNCD (gray) (Figure 5.1d), one can see that the trend is the 

opposite of what is found for the oxidized and reduced bulk Cu systems (Figure 5.4). From 

the calculated and experimental spectra of the bulk, Cu5O5/UNCD is expected to have 

higher Erising-edge and Ewhite-line than those of Cu5O3/UNCD, but we find this not to be the case. 

For the bulk calculations, there is a 3 eV increase in both the rising-edge and white line 

energies as the oxidation state increases, whereas there is a 3 eV decrease in the white line 

energy when comparing the global minimum structures of Cu5O3/UNCD and Cu5O5/UNCD. 
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Figure 5.4. Calculated Erising-edge(in red) and Ewhite-line(in blue) peaks corresponding to the bulk Cu, 
Cu2O, CuO, and all of the surface-supported isomers of Cu5O3/UNCD, Cu5O5/UNCD, and 
Cu4Ox/Al2O3 (x = 2–5) explored in this study. It is clear that clusters do not necessarily follow 
the bulk trend. 

 

The global minimum structure alone is an insufficient model of the catalytic system, as we 

emphasized in the past. It is clear from Table D.1 and Figure 5.4 that the position of the 

rising-edge and white line peaks from one isomer to another for the cluster of the same 

composition can vary up to 4.5 and 2.4 eV, respectively (compare Erising-edge of Cu5O3-A and 

Cu5O5–B, and Ewhite-line of Cu5O5-A and Cu5O5–B). As a result, some of the Cu5O3/UNCD 

isomers have higher Erising-edge and/or Ewhite-line than some of the Cu5O5/UNCD isomers, 

whereas others have the opposite trend. For instance, Erising-edge and Ewhite-line of Cu5O3-A are 

higher than those of Cu5O5-A, whereas Cu5O3-B has lower Erising-edge and Ewhite-line than those 

of Cu5O5-B. Note that, beyond the representation of the cluster as a statistical ensemble of 
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minima, an additional effect may arise because of thermal fluctuations within each 

minimum, which can be captured by ab initio MD. For example, Bare, Rehr and co-workers 

showed what effect thermal smearing could have on the computed XANES.299 In the end, 

correlating the shape of the operando XANES spectrum and positions of the peaks, and the 

average oxidation state of the metal in the cluster is far from straightforward. 

 Besides the oxygen content, the electron transfer between the support and the cluster 

can affect the oxidation state of Cu. Our calculations show that UNCD has a relatively low 

work function (3.35 eV, Figure D.1) and thus easily gives electrons to the metal oxide 

clusters. Note that the experimental value of the work function is 3.3 eV for nanocrystalline 

diamond325–328 and 3.6 eV for nitrogen-doped UNCD.329 The Bader charge analysis shows 

that the total charge on the cluster in Cu5O3/UNCD and Cu5O5/UNCD can be up to −1.69 

and −3.50 e, respectively, with the charge on Cu varying from −0.14 to 0.76 e.323 Bader 

charge analysis shows that the average charge of Cu in the Cu5O3 isomers is 0.49, 0.28, and 

0.26 e, and in the Cu5O5 isomers it is 0.62, 0.38, and 0.35 e, respectively. This shows an 

increase in the average charge of Cu, which is expected but does not necessarily correlate 

with information obtained from XANES. 

 Next, we probed a different support (amorphous alumina) and a broader set of CuO 

cluster stoichiometries, to check if our conclusions are not confined to the specific chemistry 

of the system. Figure 5.2 shows the calculated XANES spectra of the Cu4Ox/Al2O3 (x = 2–
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5) clusters. These species are the three lowest energy isomers identified through grand 

canonical global optimization (on the quasi-free-energy surface) in conditions of 0.5 bar O2 

and 200 °C, corresponding to oxidative dehydrogenation of propane.316,323,330 The isomers 

differ in oxygen content and have significantly different geometries for each cluster 

composition (see Figure 5.3b). The XANES spectra in this case are intensely dependent on 

the cluster isomers. First of all, as in this case the support itself contains oxygen, and there 

is a known tendency of copper to mix with alumina to form copper aluminate,331–333 the 

oxygen content of the cluster might be vague to define. In other words, Cu binds to the 

support and may partially dissolve in it, making it hard to define the stoichiometry of the 

supported cluster itself. The oxygen of the support can influence the charge on the metal in 

the cluster and affect the XANES spectrum correspondingly. This shows the importance of 

the nature of the support and how it can affect the shape of the spectrum. Furthermore, as 

the support is amorphous alumina, hydrogen atoms from the hydroxyl groups present in 

the support can migrate to the oxygen in the cluster and affect the charge state of the 

copper. Such structures with spontaneous H reverse spill-over have been seen in the global 

optimization, for example, isomer C of Cu4O5 on alumina (Figure 5.3b). Such events can 

significantly modify the shapes of the XANES spectra. 

 In the isomer Cu4O2-B, there is an intense pre-edge peak, which stems from the 

transition of 1s electron to the p component in d–p hybridized orbitals. It is not 



   121 

unprecedented. The transition of a 1s electron to a d–p hybridized orbital consists of the 

electric quadrupole transition to the d-character component and the electric dipole 

transition to the p-character component. Here, an intense pre-edge peak of almost fully 

occupied Cu d orbitals consists mainly of the large dipole transitions to the p-character 

component. Additionally, the highly asymmetric structure of Cu4O2-B leads to broken 

inversion symmetry, and the average Cu–Cu bond distance is ∼0.3 Å shorter than in other 

Cu4O2 clusters. Similar intense pre-edge peaks have been reported before for the K-edge of 

Cu in (HC[C(Me)NAr]2)Cu(η2-PhCH = CH2),284 Mn in KMnO4,334–337 Ti in Ba2TiO4, K6Ti2O7 

and Rb2TiO3,338,339 and Ni in K2Ni(CN)4·2H2O.340 

 We also investigated the effect of the varying Hubbard U correction within DFT on 

the shape of the XANES spectra (see Figure D.2). For Cu5O3/UNCD, in general, there is 

no significant change in the rising-edge peak of the spectrum after adding Hubbard U to 

the calculation, whereas the pre-edge peak gets sharper up until U = 5 eV, and decreases 

afterwards. On the other hand, the rising-edge shoulder in the Cu5O5/UNCD spectrum 

slowly converts to a noticeable peak as the value of U increases, whereas the pre-edge peak 

vanishes. In general, the changes are insignificant and do not affect the overall conclusions 

of this work. 

 Finally, we performed LCF of calculated XANES of clusters with respect to the bulk 

XANES, to assess whether or not the bulk standards are a reliable reference for surface-
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supported fluxional clusters. The obtained coefficients of Cu2O and CuO show the 

contribution of each bulk spectrum to the LCF of each cluster spectrum, as seen in Figure 

5.5 and summarized in Table D.2. It is clear from Figure 5.5 that LCF to the bulk spectra 

does not reliably correlate with the oxygen content in the cluster. For example, the fitting 

shows CCu2O < CCuO for Cu5O3-A and CCu2O > CCuO for Cu5O5-A whereas the opposite trend 

is, of course, expected. Note as well that Cu5O3-A and Cu5O5-A differ not only by the oxygen 

content, but also by the calculated average charge of Cu, which is larger in Cu5O5 than in 

Cu5O3. In addition, in some cases, fitting to the bulk standards fails completely for these 

clusters. For instance, for Cu5O3-B, despite our many attempts with different initial guesses 

for the coefficients, the fitting procedure fails to properly fit to both Cu2O and CuO bulk 

spectra. When it comes to Cu4Ox/Al2O3 (x = 2–5), we see a less significant problem with 

LCF. In this case, CCuO increases as the number of O increases in the cluster for the global 

minimum structures (A structures), as expected. However, if we look at other isomers, there 

is no monotonous increase or decrease in CCuO value with the changing O-content, and 

instead the value of CCuO fluctuates up and down. 
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Figure 5.5. CCu2O and CCuO are the coefficients of Cu2O and CuO XANES, respectively, obtained 
from the LCF of XANES of Cu5O5/UNCD, Cu5O3/UNCD, and Cu4Ox/Al2O3 (x = 2–5). In general, 
there is no clear correlation between the obtained coefficients and oxygen content of the clusters. 

 

Figure 5.6 shows the original computed XANES spectra along with the LCF to the bulk for 

every supported cluster in this study. Although in some cases, LCF captures the peaks 

qualitatively, it does not give a decent quantitative position of the peaks, especially in the 

rising edge area. This difference can be more than 5 eV at times, making the LCF of surface-

supported clusters to their corresponding bulk structure an unreliable method. 
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Figure 5.6. Solid curves: XANES spectra corresponding to thermally accessible isomers of (a) 
Cu4Ox/Al2O3 (x = 2, 3) and (b) Cu4Ox/Al2O3 (x = 4, 5), and (c) Cu5O3/UNCD and Cu5O5/UNCD. 
Dashed curves: LCF spectra obtained using the bulk Cu2O and CuO XANES as references. 

 

We also calculated the ensemble average XANES of UNCD- and Al2O3-supported CuO 

clusters. These are more likely to correspond to the operando XANES measurements in 

realistic reaction conditions of T and pO2. Figure 5.7 compares the experimental Cu K-edge 

XANES of Cu4Ox on amorphous Al2O3 with the ensemble average XANES, LCF to the bulk 

CuO and Cu2O, and LCF to the supported clusters at 423 K. As we showed that using the 

bulk as reference in order to find the chemical composition of clusters is unreliable at times, 
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we tried to use computed XANES of clusters as reference for LCF of the experimental data, 

to obtain more accurate and detailed information about the composition of the cluster 

(Figure 5.7).The cluster “standards” included in the LCF are the global minima of each 

composition (LCF-cluster1). We also fitted to other higher-energy minima, again one of each 

composition, but such that they are significantly different in shapes (LCF-cluster2). Note 

that as Cu4Ox/Al2O3 structures were obtained using grand canonical basin hopping, 

ensemble average over different compositions is possible, whereas Cu5Ox/UNCD (x = 3, 5) 

structures were obtained separately in a canonical ensemble; therefore, here we only discuss 

Cu4Ox/Al2O3 (x = 2–5). Note that as the energies of copper clusters depend on the value of 

Hubbard U, we choose two different values: U = 2 eV where Cu4O3 is the global minimum 

and U = 7 eV where Cu4O4 is the global minimum structure in the Cu4Ox (x = 2–5) 

ensemble. 
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Figure 5.7. Experimental Cu K-edge XANES obtained at 423 K along with the ensemble average 
over Cu4Ox/Al2O3 (x = 2–5), LCF to the bulk, and LCF to the computed XANES of the global 
minima for different O contents (LCF-cluster1) and higher-energy minima (LCF-cluster2) of 
Cu4Ox/Al2O3 (x = 2–5) used as reference. 

 

As can be seen, LCF to the cluster “standards” obviously fits the experiment better (See 

blue and red curves in Figure 5.7). The obtained R-factor, which is a measure of mean 

square sum of the misfit at each data point, is 0.0028, 0.0046, and 0.1178, for LCF-cluster1, 

LCF-cluster2, and LCF-bulk, respectively. More importantly, LCF-cluster1 gives the 

following composition: 15.4% Cu4O2, 0.0% Cu4O3, 49.9% Cu4O4, and 34.7% Cu4O5, 
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suggesting that the dominant chemical composition of Cu4Ox/Al2O3 at reaction temperature 

is Cu4O4 followed by a mixture of Cu4O5 and Cu4O2. However, fitting to the bulk yields 

74.5% Cu2O and 24.5% CuO, which is the opposite of what the LCF-cluster1 suggests. 

Interestingly, fitting to nonglobal minima of all compositions gives qualitatively similar 

results. The composition obtained from LCF-cluster2 is 0.0% Cu4O2, 19.0% Cu4O3, 60.1% 

Cu4O4, and 20.9% Cu4O5, again suggesting Cu4O4 as the dominant composition but followed 

by Cu4O5 and Cu4O3. Hence, LCF to the bulk in this case will be misleading and 

questionable, and LCF to the cluster should be used instead. Note that Boltzmann 

populations obtained from a grand canonical ensemble can be dependent on the value of 

the U parameter used in the global optimization method, thus affecting the shape of the 

ensemble-averaged XANES; however, the obtained structures can be used as “standards” 

for the LCF-cluster in order to obtain more accurate information about the composition of 

the cluster in the reaction condition. 

 Figure 5.8 shows the obtained coefficients of Cu4Ox/Al2O3 (x = 2–5) clusters when 

fitted to the experimental XANES as a function of temperature. It is clear that there is a 

reduction in the Cu cluster oxidation state at high temperature: the dominant cluster 

composition changes from Cu4O4 at 423 K to Cu4O2 at 773 K. All values are summarized in 

Table D.3. Furthermore, Figure D.3 shows the experimental XANES along with their 

corresponding LCF spectrum at 423, 673, and 773 K. 
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Figure 5.8. Obtained coefficients of Cu4Ox/Al2O3 (x = 2–5) from LCF to the experimental 
XANES at three different temperatures. Cu4O2 becomes dominant at high temperatures, showing 
a reduction in the cluster oxidation state. 

 

5.4 Conclusions  

 To summarize, we have shown that analyzing XANES spectra of surface-supported 

clusters in the nonscalable regime using the bulk standards may be inaccurate. By 

comparing both experimental and theoretical Cu K-edge XANES, we found that, in addition 

to the inherent cluster size effect, the presence of numerous isomers in reaction conditions 
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can affect the XANES spectra. Isomers can be significantly different in their geometric and 

electronic structures, amount of charge transfer from the support, as well as oxygen content. 

The resultant XANES spectra do not map onto the bulk standards in a predictable manner. 

Therefore, one has to take into account the importance of fluxionality and size effect when 

interpreting XANES of surface-supported nanoclusters. We additionally conclude that the 

stoichiometry of these clusters in reaction conditions cannot be derived from the 

corresponding bulk XANES and has to be obtained by other means. We propose that LCF 

to the computationally obtained cluster “standards” could be a more reliable approach to 

determining cluster compositions in reaction conditions. Using this approach, we conclude 

that oxidized Cu clusters undergo partial reduction at temperatures typical for oxidative 

dehydrogenation of alkanes. 
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Appendix A: Supporting Information for Chapter 2 

 

Figure A.1. Left column: Pt 4d XPS region spectra. Peaks for Pt 4d5/2 and 4d3/2 are indicated 
with black fitted curves, and the red curve indicates a Ta 4s ghost peak. Right column: Sn 3d 
XPS region. Peaks for Sn 3d5/2 and 3d3/2 are indicated with black or blue curves. The red curve 
indicates an Mg Kβ O 1s satellite peak. “FT” refers to the full H2/SnCl4/H2 treatment. 
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Figure A.2. Comparison of C 1s XP spectra for an SiO2 substrate, a Pt4/SiO2 sample, and a 
Pt4Sn3.3/SiO2 sample, subjected to eight sequential C2D4 TPD/R runs. 
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Figure A.3. Thermally-accessible geometries of (C2H4)2/Pt4/SiO2 obtained from global 
optimization calculations along with their Boltzmann populations at 700 K. 
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Figure A.4. Thermally-accessible geometries of (C2H4)2/Pt4Sn3/SiO2 obtained from global 
optimization calculations along with their Boltzmann populations at 700 K. Note that the 
ensemble is dominated by C2H4 �p-binding mode. 
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Figure A.5. C-C and C-Pt Bond distance, and �ÐHCC and �ÐPtCC bond angle during the MD 
simulations of C2H4/Pt4/SiO2 and C2H4/Pt4Sn3/SiO2. The time step is 1 fs and the total run time 
is 10 ps. 
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Figure A.6. All structures corresponding to an extreme in bond distance or bond angle during 
the MD simulations of C2H4/Pt4Sn3/SiO2 with their corresponding value. Note that at 5.059 ps 
C2H4 is almost detached from the cluster. 

 

 

 

 

 

 

 

 

 

 



   136 

(a) 

 

(b) 

 

Figure A.7. Gas-phase isomers of Pt4 and Pt4Sn3. (a) Pt4 and (b) Pt4Sn3 gas-phase clusters 
obtained from DFT calculations. Note that the number of thermally-accessible isomers is almost 
doubled as Sn is added to the cluster. 
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Figure A.8. (a) Three consecutive 13CO TPD spectra for as-deposited Ptn/SiO2 (n = 4, 7, 12, 
and 24). 13CO from Pt-free SiO2 is also shown (green). (b) Three sequential 13CO TPD spectra for 
one H2/SnCl4/H2 ALD cycle over Pt4Sn3.3/SiO2, Pt7Sn6.3/SiO2, Pt12Sn8/SiO2, and Pt24Sn7.5/SiO2. 
For reference, the 2nd CO TPD from H2/SnCl4/H2-SiO2 is shown to reflect CO binding sites on 
the SiO2 substrate (green). 
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Appendix B: Supporting Information for Chapter 3 

  

  

  
Figure B.1. R2 value obtained from 40,000 different combinations of Ea,1 and Ea,2 in the range of 
0 – 2 eV for the ensemble of two isomers with different relative energies E1 and E2 shown above 
each plot. The temperature range in which R2 is calculated is 300 – 1000 K. Note that only the 
interesting region of Ea,1 = 0 – 0.2 eV (with low R2) is shown here. 
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Appendix C: Supporting Information for Chapter 4 

The effect of exchange-correlation functional  

The effect of exchange-correlation functional can be important in determining the 

global minimum structure of metal clusters. It is clear from Figures 4.4, C.1-C.3 that PBE0 

gives different global minimum geometries from the ones obtained from PBE. For example, 

PBE calculations predict Pt4 cluster to be almost flat in Pt4OH and Pt4OOH. On the other 

hand, PBE0 predicts Pt4 to have a 3D geometry and to be more globular. Other clusters 

whose geometry is functional dependent include Pt5(OH), Pt6(OH), Pt5(OOH), Pt6(OOH), 

Pt5(OH)2, and Pt6(OOH)2. One should also pay attention to the fact that the binding site 

can also change by changing the functional, although it is not as sensitive as the geometry. 

Pt5(OH) can be used as an example in which OH prefers bridge and atop site according to 

PBE and PBE0 respectively. This is fully unexpected since the geometry, and, therefore, 

binding site preference changes. 

All in all, although one should be cautious when choosing the functional in DFT 

calculations, we should emphasize that the final message is independent of the choice of 

functional in this case.  

 

Bond Length Distribution Algorithm (BLDA) and Birmingham Parallel Genetic 

Algorithm (BPGA) 
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Initial structures for the global optimization should be created in such a way that 

they are less prone to suffer from a Self-Consistent Field (SCF) convergence problem. 

Furthermore, by generating initial structures wisely, the computational cost to search in a 

chemically unfavorable configuration space can be significantly reduced. Briefly speaking, 

one way to do so is by restricting the distance of atoms to their closest and second closest 

atoms to follow a normal distribution. This means that both distances are fitted to normal 

distribution and the initial structures are generated based on that. This generation 

algorithm based on the statistical restriction is called Bond Length Distribution Algorithm 

(BLDA). 

On the other hand, BPGA employs a pool methodology to evaluate structures in 

parallel rather than generating a large number of structures. A few number of random 

structures are generated initially and relaxed in order to form a population. Then the 

crossover and mutation operations of the genetic algorithm begin for each instance. The 

new structures, which are called offspring structures, are produced through weighted 

crossover according. Mutated clusters are either obtained by displacing some of the atoms 

randomly or swapping different types of atoms in alloy clusters. These newly generated 

structures are minimized thereafter to compare with existing structures in the pool to 

update the pool. 
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Figure C.1. PBE global minima for adsorbate-free gas phase and graphene-deposited Ptn clusters. 
 

 

Figure C.2. PBE global minima for gas phase Ptn clusters with one bound adsorbate. 
 

 

Figure C.3. PBE global minima for gas phase Ptn clusters with two bound adsorbates. 
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Figure C.4. Correlations between the ensemble-average binding energies of O and OH on the 
gas phase Ptn clusters at 300 K and 1000 K. 
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Figure C.5. Correlations between the ensemble-average binding energies of O and OOH on the 
gas phase Ptn clusters at 300 K and 1000 K. 
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Figure C.6. Correlations between the ensemble-average binding energies of OH and OOH on the 
gas phase Ptn clusters at 300 K and 1000 K. 
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Figure C.7. Scaling relations combining the results for the gas phase and surface-deposited 
clusters: (a) OH vs. O, (b) OOH vs. O, (c) OOH vs. OH. 
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Appendix D: Supporting Information for Chapter 5 

 

 

Figure D.1. Obtained UNCD planar-averaged potential curve as a function of z. Work function 
is obtained as the difference between the vacuum potential and Fermi level. 
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Figure D.2. The effect of Hubbard U on the XANES spectra of Cu5O5/UNCD and Cu5O3/UNCD. 
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Figure D.3. Experimental XANES of Cu4Ox/Al2O3 at 423 K, 673 K, and 773 K (solid curves) 
along with LCF (dashed curves) obtained by fitting to Cu4Ox/Al2O3 (x = 2–5) structures 
computed from grand canonical global optimization. 
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Table D.1. Energies corresponding to the rising-edge and white line peak of bulk Cu, Cu2O, CuO, 
Cu5O5/UNCD, Cu5O3/UNCD, and Cu4Ox/Al2O3 (x = 2–5) obtained from finite difference method 
(FDM). Note that for Cu4Ox/Al2O3 (x = 2–5) the three lowest energy isomers with significantly 
different geometries (A, B, and C) were chosen. 

Structure Erising-edge(eV) Ewhite-line(eV) 

Cu 8983.0 8994.0 

Cu2O 8984.0 8996.5 

CuO 8986.0 8997.0 

Isomer A B C A B C 

Cu5O3/UNCD 8988.6 8984.1 8988.4 9000.0 8998.6 9001.4 

Cu5O5/UNCD 8986.6 8987.9 8987.3 8997.0 8999.4 8998.5 

Cu4O2/Al2O3 8987.2 8990.3 8989.3 8999.7 8997.3 8999.3 

Cu4O3/Al2O3 8988.2 8989.1 8987.6 8999.7 8999.1 9000.6 

Cu4O4/Al2O3 8988.1 8987.9 8988.9 8998.1 8999.4 9001.4 

Cu4O5/Al2O3 8988.8 8988.0 8988.7 8998.3 9000.0 9002.2 
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Table D.2. LCF of calculated XANES for Cu5O5/UNCD, Cu5O3/UNCD, and Cu4Ox/Al2O3 (x = 2–
5) to the bulk Cu2O and CuO XANES, for three different isomers. CCu2O and CCuO are the coefficients 
of Cu2O and CuO, respectively, in the LCF of each surface-supported cluster. 

Structure/Isomer 
A B C 

CCu2O CCuO CCu2O CCuO CCu2O CCuO 

Cu5O5/UNCD 0.539 0.461 0.687 0.313 0.533 0.467 

Cu5O3/UNCD 0.400 0.600 1.0 0.0 0.748 0.252 

Cu4O2/Al2O3 0.312 0.688 0.883 0.117 0.466 0.534 

Cu4O3/Al2O3 0.193 0.807 0.404 0.596 0.203 0.797 

Cu4O4/Al2O3 0.162 0.838 0.236 0.764 0.375 0.625 

Cu4O5/Al2O3 0.111 0.889 0.245 0.755 0.246 0.754 

 

Table D.3. Obtained coefficients of Cu4Ox/Al2O3 (x = 2–5) from LCF to the experimental XANES 
at 423 K, 673 K, and 773 K. Cu4O2 becomes dominant at high temperature showing a reduction in 
the cluster oxidation state. 

T(K) CCu4O2 CCu4O3 CCu4O4 CCu4O5 

423 0.154 0.0 0.499 0.347 

673 0.390 0.0 0.510 0.100 

773 0.706 0.0 0.261 0.03 
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Table D.4. Energies of Cu4Ox/Al2O3 (x = 2–5), Cu5O5/UNCD, and Cu5O3/UNCD obtained from 
PES sampling. The free energies of Cu4Ox/Al2O3 (x = 2–5) are calculated at pO2 = 0.5 bar and T = 
473 K and with respect to the global minimum structure (Cu4O3/Al2O3-I). 

Structure E(eV) G(eV) 

Cu4O2/Al2O3-I 0 1.40 

Cu4O2/Al2O3-II 1.34 2.74 

Cu4O2/Al2O3-III 2.42 3.82 

Cu4O3/Al2O3-I 0 0 

Cu4O3/Al2O3-II 0.15 0.15 

Cu4O3/Al2O3-III 0.39 0.39 

Cu4O4/Al2O3-I 0 0.58 

Cu4O4/Al2O3-II 0.22 0.80 

Cu4O4/Al2O3-III 0.44 1.02 

Cu4O5/Al2O3-I 0 1.07 

Cu4O5/Al2O3-II 0.66 1.73 

Cu4O5/Al2O3-III 1.92 2.99 

Cu5O3/UNCD-I 0 - 

Cu5O3/UNCD-II 0.49 - 

Cu5O3/UNCD-III 1.39 - 

Cu5O5/UNCD-I 0 - 

Cu5O5/UNCD-II 0.06 - 

Cu5O5/UNCD-III 0.68 - 
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Appendix E: Derivation of the relation between atomic and 

molecular heat of adsorption 

One of the simplest potentials which can describe both attractive and repulsive forces 

is the Morse potential which, by shifting the zero of the potential energy, is written as  

𝑉 (𝑟) = 𝐷'(𝑒−2 ,−,0- − 2𝑒− ,−,0- ) (E.1) 

, where 𝐷' is the well depth of the potential, 𝑟0 is the equilibrium bond distance, and 𝑎 is 

the width of the potential. Using Pauling’s idea about the relation between bond order and 

bond distance (equation (E.2)), one can rewrite equation (E.1) in terms of x as 

𝑥 = 𝑒− ,−,0-  (E.2) 

𝑉 (𝑥) = −𝑄0(2𝑥 − 𝑥2) (E.3) 

, where 𝑄0 is chemisorbed bonding energy. In general, atom A can interact with n metal 

atoms upon adsorption. Therefore, here we treat Mn–(AB)m with four main assumptions: 

(1) Morse potential is used to describe each two-center M–A interaction. (2) These two-

center M–A interactions in Mn–A ( or M–Am) are pairwise additive. (3) n (m) in Mn–AB 

(M–(AB)m) is limited to the nearest neighbors. (4) The total bond order in Mn–(AB)m is 

conserved and normalized to unity along a surface migration path up to dissociation.  

 First, we consider the case for adatom A. By neglecting the small changes in the M–

M interactions, we can write the bond order conservation for a single adatom A in Mn–A as 
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∑ 𝑥f,$

.

$=1
= 1 (E.4) 

Consequently, using equations (E.3) and (E.4), bond energy associated with the position of 

A can be written as 

𝑄. = 𝑄0 ∑(2𝑥f,$ − 𝑥f,$
2 )

.

$=1
= 𝑄0(2 − ∑ 𝑥f,$

2
.

$=1
) (E.5) 

Now we can see that in order to obtain the maximum bonding energy 𝑄. in equation (E.5), 

each bond order should be equal to each other and thus equal to 1
.. As a result, 𝑄. will 

become 

𝑄. = 𝑄0(2 − 1
𝑛) (E.6) 

, where n = 1, 2, and 3 gives the bonding energy corresponding to atop, bridge, and hollow 

site respectively.  

Next we consider the molecular AB adsorption in Mn–AB in an atop position. Again 

neglecting changes in M–M bond and M–B bond order, Mn–AB bond order can be thought 

of M–A and A–B which is specific to Mn. We can write 

𝑥jf + 𝑥fW = 1 (E.7) 

Note that, in principle, the Mn–AB bond order should be conserved for all the atoms 

including B and each M. However, solving the complete equations is complex and infeasible 

analytically. Also, in the case of atop configuration with the A end attached to the metal 
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neglecting 𝑥jW is a reasonable approximation. Now using equations (E.5) and (E.7) we can 

write adsorption energy of AB as 

           𝑄fW = 𝑄0,f(2𝑥jf − 𝑥jf
2 ) + 𝐷fW(2𝑥fW − 𝑥fW

2 )

= 𝑄0,f(2𝑥jf − 𝑥jf
2 ) + 𝐷fW(1 − 𝑥jf

2 ) 

(E.8) 

, where 𝑄0,f and 𝐷fW are heat of chemisorption of coordinated adatom A and A–B gas-

phase dissociation energy respectively. By taking the derivates of klmI
knom

= 0, klmI
knmI

= 0 at 

equilibrium (stationary points) we arrive at 

𝑥jf,0 =
𝑄0,f

𝑄0,f + 𝐷fW
 , 𝑥fW,0 = 𝐷fW

𝑄0,f + 𝐷fW
 (E.9) 

Now using equations (E.9) and (E.10) we can write down the AB adsorption energy as 

𝑄fW =
𝑄0,f

2

𝑄0,f + 𝐷fW
= [

𝑄0,f

𝑄0,f + 𝐷fW
]𝑄f ≃ 0.17𝑄f (E.10) 

Note that the last part of equation (E.10) comes from the fact that for typical adatoms (H, 

N, O, S, etc) adsorbed on transition metal surfaces the value of l0,m
l0,m+qmI

 is ≃ (0.12 −

0.22)𝑄f.219 Equation (E.10) shows a simple relation between binding energies of chemically-

related species AB and A when AB is in the atop position attached to M through atom A. 
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Appendix F: Derivation of ensemble average activation energy and 

its equivalence to the Tolman’s formula 

 Ensemble average rate constant is defined as 

𝑘'./ = ∑ 𝑃$𝐴$𝑒
−FG,L
HIJ

.

$
 (F.1) 

Which can be expanded as  

𝑘'./ =
∑ 𝑒

−FL
HIJ 𝐴$𝑒

−FG,L
HIJ.

$

∑ 𝑒
−FL
HIJ.

$

=
∑ 𝐴$𝑒

−(FL+FG,L)
HIJ.

$

∑ 𝑒
−FL
HIJ.

$

 (F.2) 

By taking the derivate and assuming that 𝐴$ is temperature independent we arrive at 

𝑑(𝑙𝑛𝑘'./)
𝑑 (1

𝑇 )
= −𝑇 2

𝑘'./

𝑑𝑘'./
𝑑𝑇

= −𝑇 2

𝑘'./
⎝
⎜⎜
⎜⎜
⎛∑ (𝐸$ + 𝐸-,$)

𝑘W𝑇 2 𝐴$𝑒
−(FL+FG,L)

HIJ.
$ ∑ 𝑒

−FL
HIJ.

$

(∑ 𝑒
−FL
HIJ.

$ )2

−
∑ 𝐴$𝑒

−(FL+FG,L)
HIJ.

$ ∑ 𝐸$
𝑘W𝑇 2 𝑒

−FL
HIJ.

$

(∑ 𝑒
−FL
HIJ.

$ )2
⎠
⎟⎟
⎟⎟
⎞

 

(F.3) 

Equation (F.3) can be further simplified as 
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𝑑(𝑙𝑛𝑘'./)
𝑑 (1
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= −1

𝑘W𝑘'./
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(F.4) 

Substituting 𝑘'./ into equation (F.4) we get 

𝑑(𝑙𝑛𝑘'./)
𝑑 (1

𝑇 )
= −1

𝑘W
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−FL
HIJ.

$
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(F.5) 

Which can be simplified as  

𝑑(𝑙𝑛𝑘'./)
𝑑 (1

𝑇 )
= −1

𝑘W
⎝
⎜⎜⎜
⎛∑ (𝐸$ + 𝐸-,$)𝐴$𝑒
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 (F.6) 

By assuming 𝐴$ is almost the same for the isomers in the ensemble we arrive at our final 

formula: 

𝑑(𝑙𝑛𝑘'./)
𝑑 (1

𝑇 )
= −1

𝑘W
(〈𝐸J9〉 − 〈𝐸_〉) = −〈𝐸-〉

𝑘W
 (F.7) 

Note that we can still include the influence of the pre-exponential factor by using equation 

(F.6) instead of (F.7) if we are concerned about the difference between the pre-exponential 

factor of different isomers in the ensemble. 
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