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ABSTRACT

 Propane dehydrogenation is a critical process of producing propylene, an 

important feedstock for the chemical industrial. There are multiple key processes to 

produce propylene in this manner, but one of the largest processes involves non-oxidative 

dehydrogenation on a platinum-tin alloy based catalyst. In general, these reactions and 

catalytic particles are complex, with many dehydrogenation, cracking, and reforming 

reactions taking place during these processes on multiple surfaces. With this in mind,  ab 

initio computational catalysis models are used to generate further insight into these 

catalytic processes.  In this dissertation, there are three aims to be solved: identifying the 

most likely active surface on a catalytic platinum particle, modeling the catalyst particle 

itself, and understanding how alloying with platinum-tin impacts the selectivities of all 

surfaces studied.   

For the first aim, three surfaces, Pt(100), Pt(111), and Pt(211) were used to model 

potential catalysts particle  sites. Uncertainty quantification and Bayesian inference was 

applied to the developed models to understand the reported experimental quantities of 

interest like turnover frequencies, apparent activation energies, selectivities to propylene, 

and reaction orders. From this, it was found that the most likely active site was the 

Pt(211) model for certain simulations, and that the first dehydrogenation  step of propane 

was rate limiting. To answer the next aim of this work,  four platinum-tin surface  skin 

models were developed to understand how tin doping affects the catalytic reaction.  Four 
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models were chosen, Pt3Sn/Pt(100), PtSn/Pt(100), Pt3Sn/Pt(111), and Pt2Sn/Pt(211).  

Using uncertainty analysis and Bayesian inference, it was found that the most supported 

model using the evidence of the calibration problem was Pt2Sn/Pt(211), which has strong 

evidence for this to be the model when compared to the next highest evidence model, 

Pt3Sn/Pt(111), which is in-line with the pure platinum model. In addition, the 1st 

dehydrogenation step is modeled to be the rate controlling step, however,  on 

Pt2Sn/Pt(211), often the 2nd dehydrogenation step is rate limiting as well.
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CHAPTER 1 

INTRODUCTION

To model catalytic particles and explain experimental results, ab initio 

computational models using density functional theory are often used to understand how 

reactions of interest take place on catalytic surfaces. There are inherent complexities in 

these models, including the choice of functional, which can generate a range of energies 

for reactants, products, and transitions states. These energies can range on the order of 

close to an eV, which when one can expect a rate change of ten times greater or less for 

every tenth of an eV decrease or increase in the activation barriers dependent on reaction 

temperatures, these errors have a large impact on the results given by modeling. There is 

a desire to model these functional errors and incorporate them into the microkinetic 

models that often predict whether a site or facet is active. This dissertation’s focus is on 

incorporating these errors, and applying them to a key chemical reaction, direct 

dehydrogenation of propane to propylene. As this is a process of great industrial 

importance, published experimental data has been generate in terms of the kinetics of 

these reactions, with much focus on platinum particles. Through uncertainty 

quantification and Bayesian inference, the most likely dominant platinum surface can be 

identified. In addition, once the pure platinum catalyst has been well described, the 

improvements of tin-alloys, which is what most industrial processes use, can be studied 

to explain increases in selectivity to propylene.  
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This following work is written in manuscript style to answer the above aims. In 

Chapter 2, my first study, which has been published ACS Catalysis in October 2021, was 

to identify the most likely active site for propane dehydrogenation. Uncertainty 

quantification, Bayesian statistics, reported experimental literature, and density functional 

theory were analyzed to identify the most likely active site.  Three different platinum 

surface models were use as models for active sites, these being Pt(100), Pt(111), and 

Pt(211). In addition, two different methodologies for generating uncertainty, using data 

from four DFT functionals and data from the BEEF-vdW ensemble were used and 

developed. Through using these three surface models using the Four Functional Model 

and BEEF-model with Ensembles, a total of six different computational models were 

generated and compared. Three experimental data sets, with varying numbers of reported 

observables, such as turnover frequencies, selectivity to propylene, apparent activation 

energy, and reaction orders, were calibrated and validated for these six surface models. 

Through this work, the study found no supportive evidence for Pt(100) as the dominant 

active facet, and finds that Pt(211) has evidence for being the most supported active site 

in some simulations, when compared to Pt(111). Through this work, we also find that 

there are differences in methodologies, in that the Four Functional Model did not model 

the experimental data as well as the BEEF-vdW Model with Ensembles.  We also found 

that on both Pt(111) and Pt(211), the kinetically rate-controlling step is the first 

dehydrogenation step from propane to C3H7
*. 

In Chapter 3, my second manuscript, we studied the effects of different platinum-

tin alloy skin models on bulk platinum to evaluate the differences between the pure 

platinum models. This part of the work tests four different platinum-tin skins on bulk 
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surface models as potential catalytic sites, being Pt3Sn/Pt(100), PtSn/Pt(100), 

Pt3Sn/Pt(111), and Pt2Sn/Pt(211), using an uncertainty analysis methodology that uses 

BEEF-vdW with its ensembles (BMwE) to generate the uncertainty for the energies of 

the intermediates and transition states.  We calibrated against one experimental data set, 

with two experimental observations, being selectivity to propylene and turnover 

frequency of propylene, to evaluate the impact of the experimental data on informing the 

models. This study finds that the prior model for Pt2Sn/Pt(211) is very selective towards 

propylene, while Pt3Sn/Pt(111) is moderately selective towards propylene, and  

Pt3Sn/Pt(100) and PtSn/Pt(100) are unselective towards propylene production. 

Pt3Sn/Pt(111) shows greatly increased selectivity to propylene from the pure metal 

Pt(111) facet. Our work found that for Pt3Sn/Pt(100), PtSn/Pt(100), and Pt3Sn/Pt(111), 

the kinetically rate-controlling step is one of the two first dehydrogenation steps from 

adsorbed propane to a C3H7
* intermediate,  while for Pt2Sn/Pt(211), the results are more 

inconclusive to whether the first or second dehydrogenation step is rate determining. In 

addition, all of the calibrated models of the surfaces were found to be selective towards 

propylene production, model the reported turnover frequency successfully, and that the 

rate determining steps are the 1st dehydrogenation step from propane to C3H7
* for all of 

the surfaces, save some simulations showing that the 2nd dehydrogenation step from 

C3H7
* to propylene being rate controlling.  These results indicate that tin, in addition to 

affecting the binding strength of the adsorbed species, may prevent deeper 

dehydrogenation and cracking reaction steps through increasing activation barriers for 

unwanted side reactions, especially on Pt3Sn/Pt(111). Finally, the most supported active 
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site is the Pt2Sn/Pt(211) site with strong evidence when compared to the next highest 

evidence model, Pt3Sn/Pt(111). 
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CHAPTER 2 

PROPANE DEHYDROGENATION ON PLATINUM CATALYSTS: 

IDENTIFYING THE ACTIVE SITES THROUGH BAYESIAN 

ANALYSIS1 

  

 
1 Fricke, C.; Rajbanshi, B.; Walker, E.; Terejanu, G.; Heyden, A. ACS Catalysis, 2022 

Reprinted here with permission of publisher 



6 

2.1 Abstract 

Uncertainty quantification, Bayesian statistics, the reported experimental 

literature, and density functional theory are synthesized to identify the active sites for the 

non-oxidative propane dehydrogenation on platinum catalysts. This study tests three 

different platinum surface models as active sites, Pt(100), Pt(111), and Pt(211), and two 

different methodologies for generating uncertainty, using data from four density 

functional theory functionals and data from the BEEF−vdW ensemble. By comparing 

these three surface facets using two uncertainty sources, a total of six different 

computational models were evaluated. Three experimental data sets, with varying 

numbers of reported observables, such as turnover frequencies, selectivity to propylene, 

apparent activation energy, and reaction orders, are calibrated and validated for these six 

models. This study finds no evidence for Pt(100) as the dominant active facet and finds 

that Pt(211) has some evidence for being the most relevant active site on the catalyst. In 

addition, all four functional models were excluded from final data analysis due to poor 

“goodness-of-fit”. In contrast, the BEEF−vdW model with ensembles (BMwEs) was 

found to pass “goodness-of-fit” for most of the models tested. Finally, for both Pt(111) 

and Pt(211), this study finds that the majority of simulations found the kinetically rate-

controlling step the first dehydrogenation step from propane to C3H7
*. 

2.2 Introduction 

Propane dehydrogenation to propylene research continues to attract significant 

scientific interest due to propylene’s industrial importance and reaction complexity. Non-

oxidative propane dehydrogenation (PDH) on platinum-based catalysts continues to be a 

significant pathway for producing propylene.1 Understanding the reaction mechanism and 
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kinetics of surface catalyzed reactions and identifying the active sites for industrial 

catalysts can help design future catalysts for propane dehydrogenation. Many experimental 

studies have been done to measure kinetic data for non-oxidative propane 

dehydrogenation.2-10 For example, in work by Biloen et al.,2 platinum and platinum-gold 

catalysts were studied at 633 K, a partial pressure of hydrogen gas of 2 bar, and a partial 

pressure of propane of 0.04 bar. They found that the surface was covered by hydrogen at 

these reaction conditions and reported a turnover frequency (TOF) of propylene of 3.5 × 

10-2 s-1. They also calculated a reaction order of -1.1 for hydrogen gas, and 1 for propane 

gas, and measured an apparent activation energy of 121 kJ/mol. Finally, they proposed that 

the rate-determining step was the dehydrogenation step of a propyl radical, C3H7*, to 

propylene.    

Others have found a similar TOF at higher temperatures with lower partial 

pressures of H2. In work performed by Barias et al.3 a propylene TOF of 0.2 s-1 was 

observed on platinum at 792 K, a partial pressure of propane of 0.29 bar, and a partial 

pressure of H2 of 0.09 bar. In addition to reported TOF, they also reported a selectivity to 

propylene of 85%.  

Experimental work on size-dependent platinum particles was performed by Zhu et 

al.4 The group studied multiple sized particles to possibly identify the active site at 

temperatures from 723 K to 823 K, and pressures of H2 and propane that vary from 1 kPa 

to 9 kPa. They found that particles 5 nm in diameter and larger had a higher selectivity, 

and lower TOF’s for both propane and propylene than smaller particles. In addition, 

reaction orders for propane were approximately 1 for all sizes, but the reaction order for 

H2 ranged from -0.07 to -0.51, with the reaction order decreasing for larger particles. The 
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apparent activation energy was found to range from 92 to 95 kJ/mol at steady-state 

conditions.  Compared with Biloen et al.,2 the propane reaction order is the same, but the 

H2 reaction order is less inhibiting.  The apparent activation order is slightly less.  Both of 

these shifts are within reason given the different temperature and partial pressure 

conditions of propane and H2.  One would expect H2 to exhibit a more negative reaction 

order at lower temperatures and higher H2 partial pressures. 

In work done by Yang et al.,10 propane dehydrogenation was tested on two different 

particle shapes that they claimed to contain approximately only Pt(100) and Pt(111) sites. 

They then evaluated the selectivity to propylene and the TOF of propylene. They found 

that TOFs of propylene on both surfaces were relatively similar, 0.58 s-1 to 0.6 s-1. 

However, the cubic particles had a selectivity to propylene of approximately 72%, while 

the selectivity towards propylene for the octahedral particles was approximately 93%. They 

believed that this difference in selectivity was due to the particular facets being more 

present on the cubic particles. They justified this claim by comparing theoretical results 

using density functional theory (DFT), where they theorized that the lower selectivity to 

propylene was due to a lower adsorption energy for intermediates involved in the propane 

dehydrogenation on Pt(100).    

In similar work done by Zhu et al.,4 experiments and DFT calculations were used 

to identify a dominant active site.  Using a relatively small dehydrogenation network, they 

concluded that Pt(111) might be the most active site.  Other theoretical work has been 

performed to identify the active site responsible for the activity of platinum catalysts for 

propane dehydrogenation, by either calculating the adsorption of propane and C3 species 

on platinum facets11,12 or by generating microkinetic models on particular surfaces.13,14 
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Pt(211) has been studied as a model site representing edges and corners.4,15,16  It was found 

that Pt(211) is active but may be unselective towards propane dehydrogenation, dependent 

on reaction conditions.16 Numerous and competing theories of the active site for propane 

dehydrogenation persist.  

In this work, we seek to identify the most likely dominant active site (assuming one 

facet dominants the reaction kinetics under experimental reaction conditions) by 

combining published experimental data with Bayesian statistics and our DFT calculations. 

This work compares three surface facets, Pt(100), Pt(111), and Pt(211), while using two 

different sources of generating uncertainty and its correlation structure. While modeling 

each facet, kinetic data such as TOFs for propylene, apparent activation energies, reaction 

orders, and selectivity to propylene are reported.  Finally, this study also seeks to identify 

the mechanism and rate-controlling species for these potential active sites.  

2.3 Methods 

2.3.1 Computational Details  

 In this study, DFT calculations were performed using the Vienna Ab initio 

Simulation Package (VASP) version 5.4.4, which uses the projector augmented-wave 

(PAW) method.17-21 A plane-wave energy cutoff of 400 eV was used, and together with a 

Monkhorst-Pack reciprocal space grid of 5 × 5 × 1, converged energies were obtained for 

the reaction systems.22,23 In addition, the Methfessel-Paxton method order 1 with a 

smearing width of 0.2 eV was used for calculating the electronic occupancies. The energy 

convergence criterion was 1 × 10-7 eV, and for geometry convergence, a force criterion of 

0.03 eV/Å was used. Transition state searches were conducted using the nudged elastic 
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band method followed by further optimization with the dimer method.24-28 In addition, it is 

known that the entropies calculated by a purely harmonic approach may be a poor 

approximation. Due to this, we apply a frequency correction to set all low frequencies 

below 50 cm-1 to 50cm-1, as previously described by Haworth et al.28 

Three surface models, Pt(100), Pt(111), and Pt(211), were chosen as model facets 

for this project. For Pt(100) and Pt(111), we used a (4×4) 4-layer, 64 atom surface, relaxing 

the first two layers. For Pt(211), an 80 atom, 10-layer surface model was used, and the first 

six layers were relaxed. The bulk fcc-platinum crystal was found to have an optimized 

lattice constant of 3.92 Å using the PBE-D3 functional,29,30 and the optimized surfaces had 

cell parameters as indicated in Appendix A Table A.1 . A vacuum gap of 20 Å was included 

on each surface to avoid periodic interactions.  Representations of these surfaces can be 

seen in Figure 2.1. In addition, 138 reactions were investigated, including cracking and 

deep dehydrogenation. Figure 2.2 displays the dehydrogenation reaction network for C3 

species studied in this system. The full reaction network is described tabularly in tables 

TA.2 – TA.13 in Appendix A. 

We chose to first explore the system by using the Perdew-Burke-Ernzerhof 

functional with Grimme’s van der Waals corrections (PBE-D3) for the optimization of the 

surfaces, adsorbed species, and transition states.29,30 This functional was chosen for its 

generality, the computational communities extensive experience, and its inclusion of 

empirical van der Waals interactions.  An additional three functionals were chosen, 

including the revised Perdew-Burke-Enzerhof functional (RPBE),31 the Bayesian error 

estimate functional with van der Waals corrections (BEEF-vdW),32 and the strongly 

constrained and appropriately normed functional with revised Vydrov and van Voorhis 
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nonlocal correlations (SCAN-rVV10),33 to generate single point energies based off the 

PBE-D3 structures. Three generalized gradient approximation functionals, these being 

PBE-D3, RPBE, and BEEF-vdW, were specifically chosen due to the metallic nature of 

the surface model and their prominent use in the computational catalysis community, i.e., 

any of them could have been used for studying the propane dehydrogenation over Pt 

catalysts. In addition, we chose SCAN-rVV10, a meta-GGA that generally does not 

underpredict energy barriers as much as GGA functionals. Out of these four functionals, 

three include van der Waals interactions, which we believed to be critical for the adsorption 

processes of hydrocarbons, and one without van der Waals interactions that generally 

predicts lower adsorption energies (RPBE), but that is optimized for predicting adsorption 

energies of small molecules so that errors in adsorption energies would be more likely to 

be represented in the prior distribution. These functionals were also previously compared 

in other work, and it was thought that they might aid in identifying possible functional 

pairings that may better estimate the errors present.34 Next, BEEF-vdW was used as it 

generates 2000 non-self-consistent ensemble energies based on the converged charge 

density. Finally, gas-phase thermodynamics were corrected to NIST data using a Dirichlet 

distribution as described in work done by Walker et al. in order to allow gas-phase 

uncertainties to be uniformly sampled among the three different gas-phase species.35-38 The 

range for the gas-phase errors was allowed to range from ± 0.2 eV, assuming that propane, 

propylene, and H2 are generally well described by DFT. All of the intermediate, gas-phase 

species, and transition state energies of these four functional calculations can be found in 

Tables A.2 – A.14 in Section A.2 of Appendix A.  
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2.3.2 Functional Latent Variable Model  

To summarize the uncertainty present in our DFT calculations, factor analysis was 

applied to the four functionals used in this study in the same way as Walker et al.37-39  This 

has been thought to be an encompassing methodology for calculating the uncertainties for 

the energies of the species involved. In general, the different functionals, stated in the in 

the previous paragraph, have been extensively used in the catalysis community, and these 

functionals have been thought of as relatively accurate in calculating emergent properties 

of catalytic surfaces, such as turnover frequencies (TOF).  The uncertainty for the Four 

Functional Model (FFM) was generated by this method, with the covariance matrix 

calculated between the energies of the adsorbed species and transition state species, and 

the mean of the energies being the mean of the four functionals chosen in this study.  

We also chose to generate a second model system using BEEF-vdW and its 

ensembles. For every species, including gas-phase, metal slab, adsorbed species, and 

transition state species, BEEF-vdW generates an ensemble of 2000 non-self-consistent 

energies. The adsorbed intermediate and transition state energies were referenced to 

propane, hydrogen, and the platinum slab, such that 

𝑣𝑟𝑒𝑓,𝑖,𝑗 = 𝑣𝑖,𝑗 − (𝑁𝑝𝑟𝑜𝑝𝑎𝑛𝑒,𝑖𝑣𝑝𝑟𝑜𝑝𝑎𝑛𝑒,𝑗 + 𝑁𝐻2,𝑖𝑣𝐻2,𝑗 + 𝑣𝑃𝑙𝑎𝑡𝑖𝑛𝑢𝑚,𝑠𝑙𝑎𝑏,𝑗) (2.1) 

where 𝑣𝑟𝑒𝑓,𝑖,𝑗 is the referenced BEEF ensemble energy j for either adsorbed species or 

transition state i, 𝑣𝑖,𝑗 is the BEEF ensemble energy output j for species i, 𝑣𝐻2,𝑗 and 

𝑣𝑝𝑟𝑜𝑝𝑎𝑛𝑒,𝑗 are the gas phase values of the ensemble energies for propane and hydrogen gas, 

respectively, 𝑣𝑃𝑙𝑎𝑡𝑖𝑛𝑢𝑚,𝑠𝑙𝑎𝑏,𝑗 is the ensemble energy j of the specific slab the species is 

adsorbed on, and 𝑁𝑝𝑟𝑜𝑝𝑎𝑛𝑒,𝑖 and 𝑁𝐻2,𝑖 are the number of propane and hydrogen molecules 
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needed to correct the sum to the number of carbon and hydrogen atoms present in the 

species i, which can be fractional.  

Next, the mean was taken of the referenced 2000 BEEF-vdW ensembles, 𝜇𝑟𝑒𝑓,𝑖, 

and subtracted from the referenced 2000 functional ensemble energy, 𝑣𝑟𝑒𝑓,𝑖,𝑗, so that the 

mean of the ensembles would be zero, as described in equation 2.2.  

𝑣𝑟𝑒𝑓,𝑖,𝑗
∗ = 𝑣𝑟𝑒𝑓,𝑖,𝑗 − 𝜇𝑖 (2.2) 

where 𝑣𝑟𝑒𝑓,𝑖,𝑗
∗ are the 2000 BEEF ensemble energies for each species with a mean of zero. 

Finally, the BEEF-vdW referenced energy was added back into the ensemble by the 

following equation:  

𝑣𝑟𝑒𝑓,𝑖,𝑗
′ = 𝑣𝑟𝑒𝑓,𝑖,𝑗

∗  +  𝐺𝐵𝐸𝐸𝐹−𝑣𝑑𝑤,𝑟𝑒𝑓,𝑖 (2.3) 

where 𝐺𝐵𝐸𝐸𝐹−𝑣𝑑𝑤,𝑟𝑒𝑓,𝑖 is the Gibbs free energy of species i computed from the mean of the 

BEEF-vdW functional (and referenced as before).  Equation 3 ensures that the mean of the 

ensembles yields the BEEF-vdW Gibbs free energy for the intermediate or transition state 

i. After this, the BEEF-vdW ensemble energies were processed using a factor analysis 

model. It was found that the covariance matrix generated by the factor analysis and the 

covariance matrix generated without the factor analysis for BEEF-vdW were similar to 

each other. Still, this study used the factor analysis derived covariance matrix to keep the 

methodologies consistent. Using the BEEF-vdW data, this model is known as the BEEF-

vdW Model with Ensembles (BMwE). 
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2.3.3 Likelihood Function and Model Discrepancy.  

 The likelihood function, p(D|θ,M), as defined in previous work,37,38 provides the 

likelihood of finding experimental data, D, given the values of parameters, and the 

uncertainty of the model. This study compared our models against three datasets, each 

dataset of a different size. These three data sets are summarized in Table A.21 in Section 

A.3 of Appendix A.  Dataset 1 (D1) contains the following quantities of interest,2  

𝐷1 = {𝑇𝑂𝐹, 𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒,𝛼𝐻2 , 𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡} (2.4) 

Dataset 2 (D2) contains five quantities of interest to calibrate on.4  

𝐷2 = {𝑇𝑂𝐹, 𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒,𝛼𝐻2 , 𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡, 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦}  (2.5) 

Dataset 3 (D3) contains two quantities of interest to calibrate on.3  

𝐷3 = {𝑇𝑂𝐹, 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦} (2.6) 

The TOF is the turnover frequency, αi is the reaction order of either propane or hydrogen 

gas for propane consumption, and Eapparent is the apparent activation energy for propane 

consumption. Selectivity is defined to be the following:  

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑇𝑂𝐹𝑃𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒

𝑇𝑂𝐹𝑃𝑟𝑜𝑝𝑎𝑛𝑒
 (2.7) 

This study compares datasets of unequal size, remembering that likelihoods are 

multiplicative, and though incomplete datasets are less than ideal, they are unfortunately a 

reality of modeling and synthesizing already published experimental data. The 

measurements are assumed to be independent given our model, which can translate into 

the factorization of the likelihood function given the data such as D1.  



15 

𝑝(𝐷1|𝜃,𝑀) = 𝑝(𝑇𝑂𝐹|𝜃,𝑀) ∗ 𝑝(𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒|𝜃,𝑀) ∗ 𝑝(𝛼𝐻2|𝜃,𝑀) ∗ 𝑝(𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 |𝜃,𝑀)(2.8) 

For D2, the equation is similar; however, it includes the additional selectivity term 

𝑝(𝐷2|𝜃,𝑀) = 𝑝(𝑇𝑂𝐹|𝜃,𝑀) ∗ 𝑝(𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒|𝜃,𝑀) ∗

𝑝(𝛼𝐻2|𝜃,𝑀) ∗ 𝑝(𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 |𝜃, 𝑀) ∗ 𝑝(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 |𝜃,𝑀) (2.9)
 

D3 only reports the TOF and selectivity, which reduces the likelihood function for this set 

to equation 2.10.  

𝑝(𝐷3|𝜃,𝑀) = 𝑝(𝑇𝑂𝐹|𝜃,𝑀) ∗ 𝑝(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 |𝜃,𝑀) (2.10) 

Each individual likelihood function is defined by the difference between the 

simulations of our models and the experimental data. This discrepancy is due to unknown 

errors, both from the model and from the experiment.36 We assume that the discrepancies 

are distributed with a mean of zero, and an unknown variance in each measurement of σi
2. 

Each of these variances is described using an inverse gamma distribution, which is reported 

in Table A.18 in Section A.2 of Appendix A, and an example is graphically described in 

Figure A.1.  These discrepancies can be written such that the experimental values are equal 

to the model value plus an error term. 

𝑙𝑜𝑔10𝑇𝑂𝐹 = 𝑙𝑜𝑔10𝑇𝑂𝐹
∗ + 𝜖𝑇𝑂𝐹 (2.11) 

The likelihood function for the calibration of propane dehydrogenation for 

experimental D1 can be expanded, as shown in equation 2.12.  
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𝑝(𝐷1|𝜃,𝑀) =  
1

√2𝜋𝜎𝑇𝑂𝐹
2

exp (−
1

2

(𝑙𝑜𝑔10𝑇𝑂𝐹 − 𝑙𝑜𝑔10𝑇𝑂𝐹
∗)2

𝜎𝑇𝑂𝐹
2 ) 

∗
1

√2𝜋𝜎𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒
2

exp(−
1

2

(𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒 − 𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒
∗)
2

𝜎𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒
2

)  ∗ 

1

√2𝜋𝜎𝛼𝐻2
2

exp(−
1

2

(𝛼𝐻2 − 𝛼𝐻2
∗)
2

𝜎𝛼𝐻2
2

) ∗

1

√2𝜋𝜎𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
2

exp (−
1

2

(𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 − 𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
∗)
2

𝜎𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
2 ) (2.12)

 

The derivations for the likelihood functions for datasets D2 and D3 are included in 

the Appendix A, Section A.2. The Quantification of Uncertainty for Estimation, Simulation 

and Optimization (QUESO) package is used to perform the statistical forward problem and 

calibration problem.40 Using this, QUESO performed Metropolis-Hastings Markov Chain 

Monte Carlo simulations for calibrating our data sets and for simulating the experimental 

data through the use of the microkinetic model.41,42 

A similar framework to previous work done by Walker et al. was used to proceed 

with the Bayesian analysis.37,38 Bayesian inference was first performed for each surface. 

Then Bayes formula in equation 2.13 was used to generate a posterior distribution, 

𝑝(𝜃|𝐷,𝑀) for each surface model, i.e., Pt(100), Pt(111), and Pt(211). 

𝑝(𝜃|𝐷,𝑀) =  
𝑝(𝐷|𝜃,𝑀)𝑝(𝜃|𝑀)

𝑝(𝐷|𝑀)
 (2.13) 

The prior distribution, p(θ|M), contains all of the uncertainties present in the calculations, 

including the correlation between the molecules.  
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2.3.4 Microkinetic Modeling  

To calculate the adsorption free energies, the following equations were used, with 

propane and hydrogen gas as references 

∆𝐺𝑎𝑑𝑠,𝑖 = 𝐺𝑠𝑙𝑎𝑏,𝑖 − 𝐺𝑠𝑙𝑎𝑏 − (𝑁𝐶𝐻3𝐶𝐻2𝐶𝐻3 ∗ 𝐺𝐶𝐻3𝐶𝐻2𝐶𝐻3) − (𝑁𝐻2 ∗ 𝐺𝐻2) (2.14) 

where ∆𝐺𝑎𝑑𝑠,𝑖 is the free energy of adsorption of intermediate i, 𝐺𝑠𝑙𝑎𝑏,𝑖  is the free energy 

of the slab and adsorbed intermediate i, 𝐺𝑠𝑙𝑎𝑏 is the free energy of the clean slab, 

𝑁𝐶𝐻3𝐶𝐻2𝐶𝐻3 is the number of propane gas molecules involved in the reaction, 𝐺𝐶𝐻3𝐶𝐻2𝐶𝐻3  

is the free energy of gas-phase propane, 𝑁𝐻2is the number of correcting H2 gas molecules 

present in the reaction, and 𝐺𝐻2is the free energy of hydrogen gas. 

The activation free energy is defined as the following and the forward rate constants 

using harmonic transition state theory (hTST).  

∆𝐺𝑗
‡ = 𝐺𝑗

‡ − ∑𝐺𝑎𝑑𝑠,𝑗
𝑅 (2.15) 

 

𝑘𝑓𝑜𝑟,𝑗 =
𝑘𝐵𝑇

ℎ
𝑒
−
∆𝐺𝑗

‡

𝑘𝐵𝑇 (2.16) 

Where ∆𝐺𝑗
‡
 is the activation free energy of reaction j, 𝐺𝑗,𝑖

‡
 is the free energy of the transition 

state in reaction j, 𝐺𝑎𝑑𝑠,𝑗
𝑅  is the reactant free energy of adsorption for reaction j, and 𝑘𝑓𝑜𝑟,𝑗 

is the forward rate constant. 

Collision theory was used for calculating adsorption rate constants using the 

following equation 
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𝑘𝑎𝑑𝑠 = 
1

𝑁0√2𝜋𝑚𝐴𝑘𝐵𝑇
(2.17) 

where N0 is the number of sites per surface area, and mA is the molecular weight of species 

A.  The sticking coefficient has been set to one. 

A linear lateral interaction model was used to calculate the change in adsorption 

energies and transition state barriers as a result of the coverage of certain intermediates that 

dominate the surface, such as hydrogen on all three surfaces, CH3C species on Pt(211) and 

Pt(111), acetylene and single atom carbon on Pt(100), and CH and CH3CH2C on Pt(111). 

It is assumed that errors in linear interaction parameters are small relative to the uncertainty 

in the low coverage species energy such that the linear lateral interaction parameters are 

only computed with PBE-D3 functional. This and additional details such as the site 

occupancy of each species are further described in Section A.4 of the Appendix A. 

 Reaction orders in H2 and CH3CH2CH3 were calculated using the following 

equation  

𝛼𝑖 =
𝜕 ln(𝑇𝑂𝐹) 

∂ ln(𝑃𝑖)
 (2.18) 

Where 𝛼𝑖 is the reaction order of species i, ln(TOF) is the natural logarithm of the turnover 

frequency of propylene, and ln (𝑃𝑖) is the natural logarithm of the partial pressure of 

species i. We also calculated the apparent activation energy using the following equation: 

𝐸𝑎𝑝𝑝 = −𝑅(
𝜕 ln(𝑇𝑂𝐹) 

∂(
1
𝑇)

)

𝑃𝑖

(2.19) 

where 𝐸𝑎𝑝𝑝 is the apparent activation energy. 
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Campbell’s degrees of kinetic and thermodynamic rate control were calculated 

using the following equations.43-45 

 

𝑋𝐾𝑅𝐶,𝑖 =

(

 
 
 
𝜕 ln(𝑇𝑂𝐹) 

∂ (
𝐺𝑖
‡

−𝑘𝐵𝑇
)
)

 
 

𝑇,𝑃𝑖,𝐺𝑖
𝑎𝑑𝑠,𝐺𝑗,𝑗≠𝑖

‡
 

(2.20) 

𝑋𝑇𝑅𝐶,𝑖 = 

(

 
 𝜕 ln(𝑇𝑂𝐹) 

∂ (
𝐺𝑖
𝑎𝑑𝑠

−𝑘𝐵𝑇
)
)

 
 

𝑇,𝑃𝑖,𝐺𝑖
‡,𝐺𝑗,𝑗≠𝑖

𝑎𝑑𝑠

(2.21) 

where 𝑋𝐾𝑅𝐶,𝑖 is the degree of kinetic rate control, and 𝑋𝑇𝑅𝐶,𝑖 is the degree of 

thermodynamic rate control.  

The reaction network studied includes coking (surface carbon atom formation) 

and other deep-dehydrogenation steps. All of the intermediates and transition states can 

be found in Section A.2 of the Appendix A.  

2.3.5 Model Exclusion using Mahalanobis Distance 

Because of the large number of models tested in this paper, a test was first 

conducted to see if the Pt(100), Pt(111), and Pt(211) surfaces did not fail to predict the 

quantities of interest for the calibration and validation data. Failure was checked using the 

squared Mahalanobis distance for each experimental data set and testing for goodness-of-

fit using a chi-squared table.46-48 The square of the Mahalanobis distance is the following   

(𝑑 − 𝜇)′𝛴−1(𝑑 − 𝜇) (2.22) 
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Where 𝜇 is a (n × 1) vector of the predicted mean values, n is the number of degrees of 

freedom present in the evaluated experiment, 𝛴 is the n × n predicted covariance matrix, 

and d is the (n × 1) vector of reported data. The tested quantities can include turnover 

frequencies, selectivity, reaction orders in propane and hydrogen, and apparent activation 

energies.  

If the distance statistic was outside of the probability of occurring at a 5% 

significance level, data was said that it failed to pass the goodness of fit, and those models 

would have to be removed from consideration. As shown in Table A.19 in Section A.2 of 

the Appendix A, each of our experiments has different degrees of freedom and thus 

different outlier exclusion values.  

2.3.6 Bayesian Model Selection  

 A similar methodology to Walker et al.38 was used to evaluate the model evidence, 

also referred to as p(D|M), to see how more probable a surface (and corresponding 

microkinetic model) is the active site compared to another surface. Each prior model was 

assumed to have an equal likelihood of being the active site. We note that it is assumed 

here that one “characteristic” surface model is able to describe all experimental kinetic 

data, i.e., the experimental observation is not a result of multiple, qualitatively different 

surface models. In other words, this study did not test combinations of surface facets and 

corresponding microkinetic models as the collective active site. This does not remove the 

possibility of a combination of surfaces being the active site, just that this work is only 

testing the surface models independently. The evidence that was generated is compared 

between models by using Jeffery’s scale.49 Jeffery’s scale is a comparison tool for the 
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Bayes Factors to see if one model is more favored than another given the ratio of evidences 

between them. As described in Table A.20 of Section II of the Appendix A, Jeffery’s scale 

can give a basic description of how much more likely, or how more well supported, a model 

might be when compared to another model based on evaluating the Bayes Factors.  

2.4 Results and Discussion 

For each catalyst model, a separate microkinetic model, uncertainty region, and 

gas-phase corrections were performed to generate the quantities of interest for each 

experimental result. Figures 2.3 and 2.4 illustrate the prior distribution of each model for 

both the BMwE and FFM models at D2 conditions. As visible in these figures, Pt(211) is 

the more selective of the surfaces, followed by Pt(111) and Pt(100). As reported in Table 

2.1, after lateral interactions are included, we find that at D1 reaction conditions, Pt(211) 

and Pt(100) are dominated by H*, while Pt(111) has close to equal free and H* sites present 

on the surface. At higher temperatures, such as 793K and 792K for experiments D2 and 

D3, we find that Pt(100) is dominated by C* and CHCH* species, with minor contributions 

from CHC*,CH3CCH*, and CH2CCH*. At reaction conditions of D2 and D3, Pt(111) has 

a high free site coverage and a minor CH* coverage. Pt(211) has a high free site coverage, 

but CHC* and other minor coverage species, including CH3CHCH3*, CH3CH2C*, 

CH2CHCH2*,and CH3CCH*, become more prevalent at these higher temperatures. Lateral 

interactions used and their methodology can be found in Section A.4 present in the 

Appendix A. Using the prior only, we find that Pt(211) has high selectivity to propylene 

for all reaction conditions, as seen in both Figure 2.3 and 2.4, and also displayed in Table 

A.27. Pt(100) has a relatively high selectivity to propylene at D1 conditions; however, it 

becomes unselective at D2 and D3 conditions, where dominant products include ethylene 
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and methane. Pt(111) is also selective to propylene at D1 conditions. At higher 

temperatures, Pt(111) becomes less selective towards propylene, with average selectivity 

to propylene falling from 77% and 84%, dependent on methodology, to approximately 

50%.  Methane and ethylene become important products at these temperatures, similar to 

what happens to Pt(100) at higher temperatures. These changes in selectivity can be 

explained through reviewing both the free energy of adsorption of propane and other key 

products, as described in Tables A.2-A.14, as well as in activation barriers around the 

propane to propylene dehydrogenation pathway, as described in Appendix A Tables A.15-

A.17. Though the adsorption energies of propylene can partially explain the selectivity to 

propylene, selectivity to propylene may be better explained by the activation barriers for 

competitive dehydrogenation products for other C3H6 intermediates, deeper 

dehydrogenation of propylene, and cracking of propylene, which are all partially functions 

of the adsorption energy of propylene. For Pt(100), activation energies are lower for 

competitive dehydrogenation steps, such as CH3CH2CH2
* → CH3CH2CH* + H*,  and 

CH3CHCH3
* -> CH3CCH3

* + H*, than for either CH3CH2CH2
* or CH3CHCH3

* to produce 

propylene. At higher temperatures, cracking barriers of propylene and further propylene 

dehydrogenation are much more accessible, explaining the decrease in selectivity at the 

increasing temperatures of experimental datasets D2 and D3. For Pt(111), competitive 

dehydrogenation of the C3H7 intermediate species to other C3H6 species is relevant, as is 

similar to the case of Pt(100), but the barriers to further deep-dehydrogenation and cracking 

of propylene are higher, explaining the decrease in selectivity as temperature increases, but 

not to the extent of Pt(100). In addition, this may be most evident for the Pt(211) surface, 

where the dehydrogenation pathways from propane to propylene are more favorable than 
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competitive dehydrogenation reactions from the CH3CH2CH2
* and CH3CHCH3

* 

intermediate species.  The barriers for further dehydrogenation and cracking are much 

higher for Pt(211) than Pt(100), and similar to Pt(111), though much larger than the simple 

dehydrogenation pathways.  These selectivity results change after calibration, and the 

selectivity to propylene becomes much higher for Pt(111) and Pt(211) for all models, which 

can be seen in Figures 5 and 6, as well as in the Appendix A, Figures A.14 through A.33.     

After evaluating these prior models, we discuss model exclusion through the use of 

the squared Mahalanobis distance and chi-squared goodness of fit, and then through 

analyzing the model evidence to see if any one site can be called a characteristic active site 

describing the overall kinetics.  

2.4.1 Model Exclusion 

To check whether a catalyst model could be the active site, the goodness-of-fit of 

each model is checked to the data by using the squared Mahalanobis distance and 

comparing it to the chi-squared values as described in Table A.19 of Section A.2 in the 

Appendix A, after calibrating two experimental datasets to the surface microkinetic model, 

and then running at conditions of one of the three experimental data sets. If the squared 

Mahalanobis distance is smaller than the chi-squared value for the experiment given the 

number of degrees of freedom, the model is not excluded from further data analysis. 

However, suppose the squared Mahalanobis distance value is greater than the chi-squared 

value for a particular experimental condition given a calibration set; in that case, the 

catalyst model for the entirety of the calibration set is excluded, as its estimates and 

uncertainties of the quantities of interest are inconsistent with the published experimental 
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data.2,3,4 As described in Table 2.2, we find that we can exclude from further analysis the 

Pt(100) surface as the potential only active site using both the FFM as well as the BMwE. 

In addition, similar results are found for Pt(111) and Pt(211) using the FFM, where the 

model fails to describe what is occurring in experiments D2 and D1, respectively.  

Considering the squared Mahalanobis distance, the only models to check for Bayes 

Factors are Pt(111) and Pt(211) using the BEEF-vdW with ensembles model. 

2.4.2 Model Evidence   

After testing for goodness-of-fit using the squared Mahalanobis distance, the 

evidence generated is checked and compared for all non-excluded catalyst models. As 

described in Table 2.2, only the BMwE was able to pass the goodness-of-fit tests. This 

means that, in this particular case, the FFM fails to provide consistent predictions with the 

experimental data for the simulations and must not be considered as a potential model for 

any of the three catalyst surfaces.  For BMwE, the evidence of the Pt(111) and Pt(211) 

catalyst models can be compared, as they have passed the goodness-of-fit test. Pt(100) is 

excluded from further analysis as the active site for both uncertainty generation models 

since the surface failed the goodness-of-fit in all calibration cases.  

In generating the Bayes Factor between Pt(211) and Pt(111) for the BMwE, Table 

2.3 describes that there is strong evidence for Pt(211) to be the active site for propane 

dehydrogenation when calibrating on D1 and D2. When calibrating models on D1 and D3, 

there is no evidence for or against either Pt(111) or Pt(211) to be the preferred active site. 

As described in Figure 2.5, Pt(211) and Pt(111) give similar results for the majority of the 

quantities of interest evaluated. Still, there are significant differences in the apparent 
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activation energy, where Pt(211) does a more successful job of capturing the experimental 

data point.  

 In addition, we analyzed the surfaces for the degree of kinetic rate control for 

propane consumption and propylene production. As shown in Figure 2.7, the Pt(211) and 

Pt(111) surfaces show that almost all of the rate-controlling steps are propane 

dehydrogenation to C3H7 species, in line with predictions from the rate-limiting step from 

the two experiments.2,4 There is significant uncertainty with how rate-controlling these 

C3H7 species and these first dehydrogenation steps are, but in the kinetic degree of rate 

control for propane consumption, these two steps sum to one or close to 1 for the majority 

of simulations. Differences arise however when measuring the degree of kinetic rate 

control for propylene production. As the Pt(211) surface is highly selective, propane 

consumption and propylene production have the same values for the degree of kinetic rate 

control. However, for the less selective Pt(111) surface there are differences for the degree 

of kinetic rate control on propane consumption and propylene production. This difference 

is due to the competing mechanisms for different dehydrogenation and C-C cleavage 

products.  

Next, the two propane to C3H7 dehydrogenation steps can best explain the reported 

kinetics, which is again supported by the reported reaction orders. When the rate-

controlling step is the dehydrogenation of CH3CH2CH3
*+ 1* → CH3CH2CH2

* + H*, as 

described in Table A.2 in the Appendix A as Reaction 2,  

𝐶𝐻3𝐶𝐻2𝐶𝐻3
∗ + 1∗ → 𝐶𝐻3𝐶𝐻2𝐶𝐻2

∗ + 𝐻∗ (23) 

Then, the rate equation is  
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𝑟2 = 𝑘2𝜃𝐶𝐻3𝐶𝐻2𝐶𝐻3𝜃∗  (24) 

If one assumes the following adsorption reactions to be in equilibrium 

𝐶𝐻3𝐶𝐻2𝐶𝐻3(𝑔) + 1
∗ ⇄ 𝐶𝐻3𝐶𝐻2𝐶𝐻3

∗ (25) 

𝐻2(𝑔) + 2
∗ ⇄ 2 𝐻∗ (26) 

then the surface coverage of the adsorbed species is found as  

𝜃𝐶𝐻3𝐶𝐻2𝐶𝐻3 = 𝐾𝑎𝑑𝑠,𝐶𝐻3𝐶𝐻2𝐶𝐻3𝑃𝐶𝐻3𝐶𝐻2𝐶𝐻3𝜃∗ (27) 

𝜃𝐻 = √𝐾𝑎𝑑𝑠,𝐻2𝑃𝐻2𝜃∗ (28) 

Inserting the above into the previous equation, it is found that 

𝑟2 = 𝑘2𝐾𝑎𝑑𝑠,𝐶𝐻3𝐶𝐻2𝐶𝐻3𝑃𝐶𝐻3𝐶𝐻2𝐶𝐻3𝜃∗
2 (29) 

If the majority of Pt sites is either free or covered by hydrogen, which is the case for Pt(211) 

sites and for Pt(111) sites at low temperature conditions, then the free site coverage can be 

written as 

𝜃∗ =
1

1 + √𝐾𝑎𝑑𝑠,𝐻2𝑃𝐻2
                                                 ( 30) 

and we obtain for the observed reaction rate 

𝑟2 =
𝑘2𝐾𝑎𝑑𝑠,𝐶𝐻3𝐶𝐻2𝐶𝐻3𝑃𝐶𝐻3𝐶𝐻2𝐶𝐻3

(1 + √𝐾𝑎𝑑𝑠,𝐻2𝑃𝐻2)
2  (31) 

which can explain both the low temperature reaction orders found by Biloen2 with a 

propane and hydrogen order of 1 and -1, respectively, and to some degree the higher 

temperature orders of 1 and -0.5 for propane and H2, respectively, reported by Zhu et al.4, 

that this model finds at somewhat covered surface.  
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2.4.3 Comparing FFM and BMwE models 

In this study, three surfaces were modeled using two different methods of 

generating uncertainty, the BEEF-vdW with Ensembles Model (BMwE) and the Four 

Functional Model (FFM). We note that there are differences in the covariance matrix and 

Gibbs free energies between these models. Comparing these uncertainty-generating 

computational models, in addition to the three surfaces, will generate information about 

differences in the results from different uncertainty quantification methodologies and 

whether the FFM or BMwE is more successful at modeling the data. This can illuminate if 

the set of four functionals within the FFM were a good choice for this system and if BMwE, 

which is much less computationally involved, is more supported. There is strong evidence 

to support the BMwE models, as the FFM models all failed the “goodness-of-fit” tests. One 

can notice the differences in Figure 2.5 and Figure 2.6 between the calibrated datasets 

simulating the same conditions, as well as further graphically in the Appendix A.  The 

differences between the models are due to the differences in the covariance matrixes from 

BMwE with ensembles models and the models using the FFM, as well as more positive 

Gibbs free energies of adsorption with BMwE. The differences for Pt(211) and Pt(111) in 

adsorption energies are depicted in Figure A.2 in Section II of the Appendix A. The BMwE 

95% confidence intervals have a similar uncertainty for some intermediates to the FFM 

models, but for most intermediates, the BMwE confidence intervals are much larger. 

Though different, one model having greater uncertainty does not make the model better or 

worse than another model. Similar confidence intervals for the transition state energies are 

described in Figure S3. In this study, we find that BMwE can describe the catalysts' 

surfaces better, given the experimental data. Given that GGA functionals can generally 
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describe metal surfaces, we expect the BMwE methodology for quantifying uncertainties 

to be appropriate for most transition metal catalysis problems.  

2.5 Conclusions 

To identify the active site for the propane dehydrogenation to propylene over Pt 

catalysts, various elementary reactions for the propane dehydrogenation were studied from 

first principles over three surfaces: Pt(111), Pt(100), and Pt(211). To develop meaningful 

mean-field microkinetic models based on transition state theory for these individual 

surfaces, the lateral interactions between all surface species and transition states were 

calculated with all high surface coverage species. Given the uncertainties in the DFT 

energies, we developed two different methodologies for generating the correlation structure 

of the DFT functional energy uncertainty for each surface model. Next, we performed a 

Bayesian model selection to identify the most likely active site for propane 

dehydrogenation over Pt catalysts given reported experimental observables or quantities of 

interest such as turnover frequency, apparent activation barrier, reaction orders, and 

propylene selectivity in three different papers.2,3,4 Here, we also studied whether using 

different methods of uncertainty quantification lead to different results or if one 

methodology is more favored for transition metal catalysis.  

Using the FFM methodology for evaluating uncertainty, Pt(100), Pt(111), and 

Pt(211) were found to have failed the goodness-of-fit statistic as shown in the squared 

Mahalanobis distances, and as such were excluded from further data analysis. Using the 

BMwE model, Pt(100) was found to have no evidence due to its inability to fit the 

experimental data, and the Bayes Factor generated between evidence Pt(111) and Pt(211) 
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strongly supports, based on Jeffreys’ scale,49 Pt(211) as the active site at conditions D1 and 

D2. At conditions D1 and D3, there is no model evidence supporting one particular surface 

as the dominant active site.   

There are noticeable differences between the BMwE and FFM model results, and 

the BMwE is the more supported model due to better fit for this specific system. Given that 

it is currently believed that GGA functionals can generally describe metal surfaces, we 

expect the BMwE methodology for quantifying uncertainties to be appropriate for most 

transition metal catalysis problems. Finally, the kinetically rate-controlling steps are some 

combination of the 1st dehydrogenation steps of adsorbed propane to adsorbed C3H7 

intermediates.  

Though this study focused on mainly quantifying and propagating the functional 

uncertainties present in the data, other uncertainties arise from different parts of these 

models. These include uncertainties present in the lateral interaction parameters, the site 

occupancies, and the entropy values for the intermediates and transition states. We 

hypothesize that much of the entropic uncertainty and that some of the uncertainty in lateral 

interactions can be viewed as potentially overwhelmed by the functional uncertainty, as the 

95% confidence intervals within functionals, as described by Figures A.2 and A.3 in the 

Appendix A can span upwards of 1 eV. Uncertainty in the lateral interactions is, by 

necessity, not only a function of the uncertainty within the lateral interaction parameters 

themselves, but also by the functionals as well, as the thermodynamics and kinetics of the 

reaction can and does change, as can be seen by the site coverages reported in Table 1. 

Uncertainty within the site occupancies can affect results for the microkinetic models as 

well. Reported in Table A.26 in the , turnover frequencies of propylene change by a factor 
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of 10, while there are small, but significant, differences in selectivity and reaction orders. 

We theorize that the uncertainties in the lateral interactions and site occupancies become 

less relevant to general uncertainty quantification as the percentage of free sites increases 

on a surface, as the errors become less relevant to the general reaction mechanism, if the 

initial adsorbates, desired products, and intermediates have sites that can be well defined. 

Regardless, this is an important topic that should be explored further in future studies.    

 Although this study was comprehensive in determining whether one of the facets 

was the sole active site, this study did not test if combinations of surface facets formed 

together the active site that can describe the experimentally observed behavior at the 

various experimental reaction conditions. Almost all of the simulations yielded relatively 

high turnover frequencies for each surface, which may indicate that all are participating 

significantly in the reactions present on a catalyst particle. We plan on performing such a 

study in the future. 
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2.7 Tables and Figures 

Table 2.1: Average site coverages after including lateral interactions on Pt(100), Pt(111), 

and Pt(211) for D1, D2, and D3 conditions using the Four Functional Model (FFM) and 

BEEF Model with Ensembles (BMwE).   

 

 

 

 

 

 

Species Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211)

Free Site 3.71 33.6 13.1 8.11 65.9 86.0 14.0 64.7 86.2

H 96.1 66.1 86.4 0.00 0.45 1.22 0.97 0.96 1.36

CH3C 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.45 0.00

CHCH 0.00 0.00 0.00 19.7 0.07 0.00 25.3 1.16 0.00

CHC 0.00 0.00 0.00 6.08 0.00 5.99 1.23 1.14 1.67

CH 0.00 0.00 0.00 1.44 28.3 0.21 2.75 30.6 0.04

C 0.00 0.00 0.00 40.1 2.82 0.12 45.1 0.66 0.00

Other Species 0.19 0.30 0.56 24.6 2.25 6.50 10.7 0.30 10.7

Species Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211)

Free Site 18.7 47.3 48.6 7.23 63.4 87.9 9.58 68.6 97.1

H 81.4 52.7 51.1 0.74 0.06 0.16 6.34 0.16 0.55

CH3C 0.00 0.00 0.00 0.00 0.08 0.00 0.51 1.14 0.00

CHCH 0.00 0.00 0.00 0.16 0.00 0.00 4.16 0.00 0.00

CHC 0.00 0.00 0.00 0.07 0.00 10.4 3.58 0.00 1.44

CH 0.00 0.00 0.00 0.03 32.3 0.03 0.15 27.3 0.01

C 0.00 0.00 0.00 79.8 3.24 0.02 62.6 0.79 0.00

Other Species 0.00 0.00 0.34 11.9 0.92 1.48 13.1 2.00 0.95

Experiment

D1
2

D2
4

D3
3

BEEF Model with Ensembles (BMwE)

D1 Conditions D2 Conditions D3 Conditions

Average Coverage of Selected Species on Surface (%), after including lateral interactions, No Calibration

Four Functional Model (FFM)

D1 Conditions D2 Conditions D3 Conditions

Reaction Conditions

PCH3CH2CH3 = 0.04 bar, PH2 = 2 bar, T = 633K

PCH3CH2CH3 = 0.03 bar, PH2 = 0.03 bar, T = 793K

PCH3CH2CH3 = 0.29 bar, PH2 = 0.09 bar, T = 792K
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Table 2.2: Evaluated squared Mahalanobis distances for Pt(100), Pt(111), Pt(211) for 

experimental conditions for the three datasets and the models generated by the Four 

Functional Model (FFM) and the BEEF-vdW Model with Ensembles (BMwE).a 

 

a Squared Mahalanobis distance numbers marked in bold font are the ones that pass the 

“goodness-of-fit” tests.  

 

 

Table 2.3: Evidence of non-excluded models and their Bayes factor.b  

 

bData marked in black failed “goodness-of-fit” tests for the calibration and validation 

datasets and thus are excluded from evaluating evidence. 

  

Calibration D3 D2 D1 D3 D2 D1 D3 D2 D1

D1 & D2 27.1 29.1 3.41 0.82 16.6 2.05 0.50 1.18 26.9

D1 & D3 3.52 21.7 2.61 0.81 16.0 1.82 0.25 6.13 24.0

D2 & D3 5.01 18.5 2.72 0.34 23.3 9.21 0.62 0.40 28.7

Calibration D3 D2 D1 D3 D2 D1 D3 D2 D1

D1 & D2 0.41 2.91 11.5 0.22 5.17 4.13 2.77 5.77 0.76

D1 & D3 20.7 8.49 13.3 0.25 4.39 2.91 0.70 3.63 0.96

D2 & D3 2.48 13.8 26.9 1.43 6.31 18.4 1.31 5.41 4.18

Experiment

D1
2

D2
4

D3
3

BEEF-vdw Model with Ensembles (BMwE)

Pt(100) Pt(111) Pt(211)

Squared Mahalanobis Distance  

Four Functional Model (FFM)

Pt(100) Pt(111) Pt(211)

PCH3CH2CH3 = 0.04 bar, PH2 = 2 bar, T = 633K

PCH3CH2CH3 = 0.03 bar, PH2 = 0.03 bar, T = 793K

PCH3CH2CH3 = 0.29 bar, PH2 = 0.09 bar, T = 792K

Reaction Conditions

Bayes Factor

BMwE

Calibration Set Pt(111) Pt(211) Pt(211)/Pt(111)

D1 & D2 2.48 x 10
-7

2.93 x 10
-6 11.8

D1 & D3 1.93 x 10
-6

4.34 x 10
-6 2.25

D2 & D3 0.000112 1.05 x 10
-5

BMwE

Evidence 
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Figure 2.1: Schematics of all platinum facets used in this study.  
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Figure 2.2: Dehydrogenation Reaction Network for C3 species 

 

 

Figure 2.3: Probability densities of reported quantities of interest, including a) TOF (1/s), 

b) selectivity to propylene, c) apparent activation energy (eV), d) propane reaction order, 

and e) H2 reaction order, modeling dataset D2 for Pt(100), Pt(111), and Pt(211) using the 

BEEF-vdW model with Ensembles (BMwE) for the forward-only model. Reported 

values are the experimental values reported in dataset D2.  
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Figure 2.4: Probability densities of reported quantities of interest, including a) TOF (1/s), 

b) selectivity to propylene, c) apparent activation energy (eV), d) propane reaction order, 

and e) H2 reaction order, modeling dataset D2 for Pt(100), Pt(111), and Pt(211) using the 

Four Functional model (FFM) for the forward-only model. Reported values are the 

experimental values reported in dataset D2. 

 

 

Figure 2.5: Probability densities of reported quantities of interest, including a) TOF (1/s), 

b) selectivity to propylene, c) apparent activation energy (eV), d) propane reaction order, 

and e) H2 reaction order, calibrated with datasets D1 and D3 and validating using dataset 

D2 for Pt(100), Pt(111), and Pt(211) with the BEEF-vdW model with Ensembles (BMwE). 

Reported values are the experimental values reported in dataset D2.  
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Figure 2.6: Quantities of interest including a) TOF (1/s), b) selectivity to propylene, c) 

apparent activation energy (eV), d) propane reaction order, e) H2 reaction order, calibrated 

with datasets D1 and D3 and validating using dataset D2 for Pt(100), Pt(111), and Pt(211) 

with the FFM model. Reported values are the experimental values reported in dataset D2. 

 

  
Figure 2.7: Degree of Kinetic Rate Control (DKRC) for Propane Dehydrogenation to 

Propylene using the turnover frequencies of propane (a,c) and propylene (b,d) using the 

BMwE forward-only model at 793K for Pt(111) (a,b) and Pt(211) (c,d).   
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CHAPTER 3 

MODELING THE EFFECT OF SURFACE PLATINUM-TIN ALLOYS 

ON PROPANE DEHYDROGENATION ON PLATINUM-TIN 

CATALYSTS2 

 

 

 

 

 

 

 

 

  

 
2 Fricke, C.; Bamidele, O.; Chowdhury, J.; Terejanu, G.; Heyden, A.; To Be Submitted 
 



43 

3.1 Abstract  

Uncertainty analysis, reported experimental literature, and density functional 

theory were synthesized to model the effect of surface tin coverage on platinum-based 

catalysts for non-oxidative propane dehydrogenation to propylene. This study tests four 

different platinum-tin skins on bulk surface models as potential catalytic sites, these 

being Pt3Sn/Pt(100), PtSn/Pt(100), Pt3Sn/Pt(111), and Pt2Sn/Pt(211), using an uncertainty 

analysis methodology that uses BEEF-vdW with its ensembles (BMwE) to generate the 

uncertainty for the energies of the intermediates and transition states.  One experimental 

data set, with two experimental observations, selectivity to propylene and turnover 

frequency of propylene, was used as a calibration dataset to evaluate the impact of the 

experimental data on informing the models. This study finds that the prior model for 

Pt2Sn/Pt(211) is very selective towards propylene, while Pt3Sn/Pt(111) is moderately 

selective towards propylene. Next, this study finds that for Pt3Sn/Pt(100) and 

Pt3Sn/Pt(111), the kinetically rate-controlling step is one of the two first dehydrogenation 

steps from adsorbed propane to a C3H7
* intermediate,  while for Pt2Sn/Pt(211) and 

PtSn/Pt(100), the results are more inconclusive to whether the first or second 

dehydrogenation step is rate determining. In addition, for all of the surfaces the calibrated 

models were found to be selective towards propylene production, model the reported 

turnover frequency successfully, and display as most rate determining steps the 1st 

dehydrogenation step. Nevertheless, Pt2Sn/Pt(211) emerges as the active site with strong 

evidence based on Jeffreys’ scale interpretation of Bayes factor.  These results indicate 

that tin, in addition to affecting the binding strength of the adsorbed species, prevents 
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deeper dehydrogenation and cracking reactions through increasing activation barriers for 

unwanted side reactions, especially on Pt3Sn/Pt(111). 

3.2 Introduction 

Propylene production from propane is a crucial reaction of importance, due to the 

industrial usage of propylene as a chemical feedstock, and the changing economics of 

propane to propylene dehydrogenation.1 Non-oxidative propane dehydrogenation (PDH) 

on platinum-tin catalysts continues to be a significant industrial process of producing 

propylene, due to its high selectivity to propylene2,3 Many experimental studies have 

been done to evaluate the effect of alloying platinum with tin on propane 

dehydrogenation. 4-22    

In Wang et al.,4 work was performed to analyze the regeneration of Pt-Sn alloy 

catalyst particles, by measuring the depletion of tin and the following regeneration of the 

Pt-Sn surface by segregation processes that occur in the Pt-Sn alloy particle. They find 

that the particles, after undergoing etching of the original tin and then a regeneration 

treatment to drive tin from the bulk of the particle to the surface, maintains selectivity of 

92% to propylene, with minimal effects on the catalytic properties of the particles. 

Similar results with Sn enriched surfaces for Pt-Sn catalysts for propane dehydrogenation 

were seen from Zhua et al.5  

In Barias et al.,6 Pt and Pt-Sn alloy nanoparticles were evaluated for propane 

dehydrogenation. It was found that the single metal platinum nanoparticles were less 

selective than the alloyed nanoparticles, with the pure metal particles having a selectivity 

toward propylene of 85% while the Pt-Sn particles had a selectivity close to 97%. In 
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addition, it was found that the turnover frequencies for propylene production were close 

to three times higher on Pt-Sn catalysts than on Pt catalysts, and that carbon deposition on 

the Pt-Sn catalysts was much less than on the Pt catalysts. Similar results were found by 

Kaylor and Davis,7 where on silica supported catalysts, Pt-Sn exhibited a much higher 

selectivity to propylene than platinum-only catalysts. However, Kaylor found that 

dependent on the particle formed, the Pt-Sn catalysts may have lower turnover rates for 

propylene than the initial platinum catalysts.  

In addition to the experimental literature, many density functional theory-based 

studies have been performed to analyze the impact of tin on platinum-tin catalysts for 

alkane dehydrogenation.23-28 One such study by Nam and Celik was performed to analyze 

the differences between three surfaces Pt(111), Pt3Sn(111), and a Pt3Sn surface skin alloy 

on a bulk Pt (111) surface for ethane dehydrogenation.23 They found that increasing Sn in 

the surface skin alloy may increase the selectivity, while forming a bulk alloy may not 

increase selectivity as significantly, as they find that the surface skin alloy has a higher 

selectivity to propylene relative to the bulk alloy. This surface skin alloy behavior may 

better replicate what is seen experimentally from Wang et al.4 and Zhua et al.5 However, 

disagreements do arise, as Yang et al. finds that the bulk Pt3Sn alloy for Pt(111) may be 

the most active of the alloys.24 The majority of density functional theory studies research 

Pt(111) and Pt(211) facets, in which they model either the facet to be composed of a bulk 

alloy, or the pure platinum facet with a surface Pt-Sn alloy skin.25,26 Pt-Sn alloys cleaved 

in the (100) direction are not well studied, though it was found by Fricke et al. that 

Pt(100) has high turnover frequencies of propane consumption and low selectivity to 

propylene.29  
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In this work, we seek to identify how Sn doping modifies the kinetics of the 

surface facets of Pt particles for the non-oxidative dehydrogenation of propane to 

propylene. Specifically, we studied four model surfaces, Pt3Sn/Pt(100), PtSn/Pt(100), 

Pt3Sn/Pt(111), and Pt2Sn/Pt(211) using density functional theory (DFT) calculations, 

uncertainty analysis using the BEEF-vdW with its ensembles (BMwE) model, and 

published experimental literature. While modeling each facet, kinetic data such as 

turnover frequencies (TOF) for propylene production and other product gases, apparent 

activation energies, reaction orders, and selectivities to different product gases are 

reported.  Finally, this study also identifies the mechanism and rate-controlling species 

for these alloys, and explains how potential Pt-Sn alloyed catalysts are more selective and 

may have higher turnover frequencies to propylene than base platinum catalysts.  

3.2 Methods 

3.2.1 Computational Details 

Calculations were run using the Vienna Ab initio Simulation Program (VASP) 

version 5.4.4.30-32 BEEF-vdW was the functional chosen for this study.33 It was found, in 

previous work, that BEEF-vdW with its ensembles (BMwE) was more successful in 

describing platinum surface behavior than an alternative method to describe the 

uncertainty in the functional choice.29  A Methfessel-Paxton order of 1 with an electron 

smearing width of 0.2 eV was used to model the electronic occupancies.34,35 In addition, 

an energy cutoff of 400 eV with a 5×5×1 reciprocal grid using Monkhorst-Pack was 

found to be well converged for the calculations.36,37 The energy convergence criterium 

was 1 × 10-7 eV, and the force convergence criterium was 0.03 eV/Å. To correct for 
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errors in the entropy calculation within the harmonic approximation for small frequencies 

, frequencies less than 50 cm-1 were corrected to 50 cm-1.38 Transition states were first 

converged with nudged elastic band calculations, and then with dimer calculations using 

VTST to ensure that the transition states were well optimized.39-42 In addition, for each 

transition state a frequency calculation was performed to verify that there was only one 

significant imaginary frequency, and that it corresponded to the desired bond cleavage.  

46 intermediate species and 130 transition states were optimized for the system. Part of 

the reaction network is pictorially described in Figure 3.1. All reactions considered are 

tabulated in Appendix B.1.   

         Four surfaces were tested in this study, Pt3Sn/Pt(100), PtSn/Pt(100), Pt3Sn/Pt(111), 

and Pt2Sn/Pt(211). They were chosen to evaluate how a substitutional replacement of 

platinum with tin would affect the bonding strength of intermediates and transition states. 

Two Pt(100) surface alloys were modeled, as there is currently little computational work 

done modeling these particular surfaces for propane dehydrogenation, and that previous 

computational work found low selectivity of the Pt(100) surface at temperatures of 793K 

and low partial pressures of hydrogen.29 In addition, Pt3Sn/Pt(111) was chosen, as 

previous work found that the adsorption of intermediates was most disturbed for the 

system, and that it was theorized that the segregation of the alloy may be occurring, 

which might be able to be explained by a platinum core/alloy skin model.23,27 For all 

surfaces, multiple confirmations and Pt:Sn ratios between 3:1 and 1:1 were modeled, but 

only the lowest energy Pt:Sn ratio alloy composition was chosen to model the Pt(211) 

alloy. This is due to the complexity of the surface. Pt3Sn/Pt(100), PtSn/Pt(100) and 

Pt3Sn/Pt(111) were chosen due to their ability to model specific sites, and reduce the 
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complexity of the surface, while Pt(211) has such high complexity, that only the lowest 

energy of formation (at zero Kelvin) for the alloy was chosen, as defined by the following 

equation:  

∆𝐸𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐸𝑃𝑡−𝑆𝑛 𝑎𝑙𝑙𝑜𝑦 − 𝐸𝑃𝑡,𝑆𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑛 × 𝐸𝑃𝑡,𝑏𝑢𝑙𝑘 − 𝑛 × 𝐸𝑆𝑛,𝑏𝑢𝑙𝑘            (3.1)   

Where  ∆𝐸𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 is the formation energy of the alloy, 𝐸𝑃𝑡−𝑆𝑛 𝑎𝑙𝑙𝑜𝑦 is the energy of the 

alloy, 𝐸𝑃𝑡,𝑆𝑢𝑟𝑓𝑎𝑐𝑒 is the energy of the surface, n is the number of platinum atoms replaced 

by tin, and 𝐸𝑃𝑡,𝑏𝑢𝑙𝑘 and 𝐸𝑆𝑛,𝑏𝑢𝑙𝑘 are the bulk energies of platinum and β-tin, per atom.  

The Pt3Sn/Pt(100), PtSn/Pt(100), and Pt3Sn/Pt(111) surfaces were modeled as 

4×4×4 layer, 64 atom slabs, with a 15 Å vacuum gap added to prevent periodic 

interactions. The Pt2Sn/Pt(211) is a 6 layer, 80 atom slab, with a 15 Å vacuum gap added 

to prevent periodic interactions. These surfaces are described pictorially in Figure 3.2, 

and their parameters, as well as their corresponding transition states and intermediates 

structures, may be found in the Supporting Information as two additional text files.  

As mentioned in the previous section, BEEF-vdW with its ensembles (BMwE) 

was chosen to represent the uncertainty within the functional energy for the models.29,43 

Previous work found that this was a more supported model for describing platinum 

surface behavior when used for calibrating on experiments. The methodology for 

generating this model is the same as in Fricke et al., save that BEEF-vdW was used to 

optimize the entire system, instead of just as a single-point energy calculation.29 We 

believe that these differences between the optimized versus single point energies are 

small in comparison to the total uncertainty in the functional errors, and this allows for 

data comparison between this study and the platinum-only study.  
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A common challenge present in computational heterogeneous catalysis is that few 

experimental data sets have been published on the reaction systems of interest that can be 

calibrated on, and as such, only differences will be evaluated between the prior model, 

without calibration, and the posterior model, with calibration, in this work. The 

experiment from Barias et al. is calibrated against,6 which was performed at 792 K and at 

approximately 0.29 bar of propane and 0.1 bar H2. The data is calibrated on turnover 

frequency of propane and selectivity to propylene. Selectivity to propylene is defined as 

the following. 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑇𝑂𝐹𝑃𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒

𝑇𝑂𝐹𝑃𝑟𝑜𝑝𝑎𝑛𝑒
                                                         (3.2)  

Where 𝑇𝑂𝐹𝑃𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒  is the turnover frequency of propylene, and 𝑇𝑂𝐹𝑃𝑟𝑜𝑝𝑎𝑛𝑒 is the 

turnover frequency of propane.  

Given the experimental data, 𝐷 = [𝑇𝑂𝐹𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒, 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ], the likelihood 

function  𝑝(𝐷|𝜃,𝑀) assumes independence between experimental measurements and it is 

defined similarly with the previous work. 29,44,45 

𝑝(𝐷|𝜃,𝑀) = 𝑝(𝑇𝑂𝐹𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒|𝜃,𝑀) ∗ 𝑝(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 |𝜃,𝑀) (3.3) 

A transformation was applied to the selectivity data using a logit function, as selectivity 

must be within the bounds of [0,1]. This transformation was done to change the function 

range to (-∞, ∞) which is necessary to properly include and analyze the errors. The logit 

function for selectivity is defined as the following.46 

                                                𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦) = ln (
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦

1 − 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦
)                          (3.4) 
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In addition, a similar rationale was determined for transforming the TOFPropylene data into 

the log10TOF data to evaluate the errors present in the model on the range from (-∞, ∞). 

Combining the above equations, we find that the full description of the likelihood 

function is the following: 

𝑝(𝐷|𝜃,𝑀) =  
1

√2𝜋𝜎𝑇𝑂𝐹
2

exp(−
1

2

(𝑙𝑜𝑔10𝑇𝑂𝐹 − 𝑙𝑜𝑔10𝑇𝑂𝐹
∗)2

𝜎𝑇𝑂𝐹
2 ) 

∗
1

√2𝜋𝜎𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)
2

exp (−
1

2

(𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦) − 𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)∗)2

𝜎𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)
2 ) (3.5)

 

where 𝜎𝑇𝑂𝐹
2  is the variance of the turnover frequency of propylene, 𝜎𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)

2  is the 

variance of the selectivity to propylene, 𝑙𝑜𝑔10𝑇𝑂𝐹
∗ and 𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)∗ are the 

model values of propylene turnover frequency and selectivity, and 𝑙𝑜𝑔10𝑇𝑂𝐹 and 

𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦) are the reported experimental values of the TOF and selectivity. 

Details for the distributions of the variances can be found in Appendix B, Section 2.  

The Quantification of Uncertainty for Estimation, Simulation, and Optimization 

(QUESO) package was used to perform the statistical forward problem and calibration 

problem.47 The multilevel Monte Carlo implementation in QUESO was used to calibrate 

the microkinetic model using experimental data.48,49 

3.2.2 Microkinetic Modeling  

To calculate the adsorption free energies, the following equations were used, with propane 

and hydrogen gas as references 

∆𝐺𝑎𝑑𝑠,𝑖 = 𝐺𝑠𝑙𝑎𝑏,𝑖 − 𝐺𝑠𝑙𝑎𝑏 − (𝑁𝐶𝐻3𝐶𝐻2𝐶𝐻3 ∗ 𝐺𝐶𝐻3𝐶𝐻2𝐶𝐻3) − (𝑁𝐻2 ∗ 𝐺𝐻2) (3.6) 
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where ∆𝐺𝑎𝑑𝑠,𝑖 is the free energy of adsorption of intermediate i, 𝐺𝑠𝑙𝑎𝑏,𝑖  is the free energy 

of the slab and adsorbed intermediate i, 𝐺𝑠𝑙𝑎𝑏 is the free energy of the clean slab, 

𝑁𝐶𝐻3𝐶𝐻2𝐶𝐻3 is the number of propane gas molecules involved in the reaction, 𝐺𝐶𝐻3𝐶𝐻2𝐶𝐻3  

is the free energy of gas phase propane, 𝑁𝐻2is the number of “balancing” H2 gas molecules 

present in the reaction, and 𝐺𝐻2is the free energy of hydrogen gas. 

The activation free energy is defined as the following and the forward rate constants 

are computing using harmonic transition state theory (hTST).  

∆𝐺𝑗
‡ = 𝐺𝑗

‡ − ∑𝐺𝑎𝑑𝑠,𝑗
𝑅 (3.7) 

 

𝑘𝑓𝑜𝑟,𝑗 =
𝑘𝐵𝑇

ℎ
𝑒
−
∆𝐺𝑗

‡

𝑘𝐵𝑇 (3.8) 

Where ∆𝐺𝑗
‡
 is the activation free energy of reaction j, 𝐺𝑗,𝑖

‡
 is the free energy of the transition 

state in reaction j, 𝐺𝑎𝑑𝑠,𝑗
𝑅  is the reactant free energy of adsorption for reaction j, and 𝑘𝑓𝑜𝑟,𝑗 

is the forward rate constant. 

Collision theory was used for calculating adsorption rate constants using the 

following equation: 

𝑘𝑎𝑑𝑠 = 
1

𝑁0√2𝜋𝑚𝐴𝑘𝐵𝑇
(3.9) 

where N0 is the number of sites per surface area, and mA is the molecular weight of species 

A.  



52 

A linear lateral interaction model was used to calculate the change in adsorption 

energies and transition state barriers as a result of the coverage of acetylene and single 

atomic carbon intermediates that occur on some simulations for the Pt3Sn/Pt(100) model. 

In the majority of all of the simulations of the other three surface models, the free sites 

made up more than 90% of the total sites present on each surface, and so lateral interactions 

were not warranted for further study. The lateral interaction parameters and methods are 

further described in Section B.3 in the Appendix.  

 Reaction orders in H2 and CH3CH2CH3 were calculated using the following 

equation  

𝛼𝑖 =
𝜕 ln(𝑇𝑂𝐹) 

∂ ln(𝑃𝑖)
 (3.10) 

Where 𝛼𝑖 is the reaction order of species i, ln(TOF) is the natural logarithm of the turnover 

frequency of propylene, and ln (𝑃𝑖) is the natural logarithm of the partial pressure of 

species i. We also calculated the apparent activation energy, using the following equation: 

𝐸𝑎𝑝𝑝 = −𝑅(
𝜕 ln(𝑇𝑂𝐹) 

∂(
1
𝑇)

)

𝑃𝑖

(3.11) 

where 𝐸𝑎𝑝𝑝 is the apparent activation energy. 

Degrees of kinetic rate control using Campbell’s degree of rate control theory were 

calculated using the following equations:   
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𝑋𝐾𝑅𝐶,𝑖 =
𝜕 ln(𝑇𝑂𝐹) 

∂ (
∆𝐺𝑖

‡

−𝑘𝐵𝑇
)

 (3.12)
 

where 𝑋𝐾𝑅𝐶,𝑖 is the degree of kinetic rate control. 50-52  

The reaction network studied includes coking and deep-dehydrogenation steps. The 

intermediates and transition states can be found in Section B.1 of the appendix. 

3.3 Results and Discussion 

For each catalyst model, a separate microkinetic model, uncertainty 

quantification, and gas-phase corrections were performed to generate the quantities of 

interest for each experimental result. Figure 3.3 describes the distribution of the turnover 

frequencies for propylene and selectivity to propylene for each surface. All were ran at 

792K, with partial pressures of propane and H2 at 0.29 bar and 0.09 bar, respectively, to 

model Barias et al.6  As visible in this figure, Pt2Sn/Pt(211) is the most selective of the 

surfaces, followed by Pt3Sn/Pt(111), Pt3Sn/Pt(100), and then PtSn/Pt(100). In addition, 

the turnover frequency of propylene is highest for Pt3Sn/Pt(100), then Pt2Sn/Pt(211), 

Pt3Sn/Pt(111), and finally PtSn/Pt(100). This selectivity and turnover frequency 

differences can be viewed as a function of multiple factors. One of these factors is the 

activation energy barriers of key steps surrounding the propane to propylene reaction 

barriers. As seen in Table 3.1, selectivity is highest when the barriers for further 

dehydrogenation or cracking of propylene is comparatively high, or activation energy 

barriers for alternative dehydrogenation of C3H7 species are higher than the 

dehydrogenation of C3H7 to propylene. This is especially evident for Pt3Sn/Pt(100), 

where the reaction barrier for a competing product from a C3H7 intermediate is 
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approximately 50% lower than to dehydrogenation of propane, as seen in Table 3.1 as 

Reaction 7, when compared to the propylene dehydrogenation reaction, Reaction 3. 

Similar behavior can be seen for Pt3Sn/Pt(111) for the same mechanistic pathway. In 

addition, another competing C3H7 dehydrogenation mechanism exists for Pt3Sn/Pt(100) 

and Pt3Sn/Pt(111), which is Reaction 11 when compared to Reaction 4.  Finally, the very 

low selectivity to propylene of Pt3Sn/Pt(100) can be further explained by the kinetics of 

further dehydrogenation and cracking of propylene. Reactions 20, 22, 23, and 24 are all 

considerably lower for Pt3Sn/Pt(100)  than for the two very high selectivity surfaces, 

Pt3Sn/Pt(111) and Pt2Sn/Pt(211). Pt3Sn/Pt(111) has much higher barriers for carbon bond 

cleavages than Pt3Sn/Pt(100), partially explaining the much higher selectivity for 

Pt3Sn/Pt(111). The other factor is the adsorption strength of propylene. Propylene binds 

to Pt3Sn/Pt(100), which is the lowest energy of adsorption surface for propylene, with a 

0.17 eV higher bond strength than to the next strongest binding surface, PtSn/Pt(100).  

These factors can explain much of the selectivity differences observed between 

these surfaces.  The interplay of these reactions is also described in other predicted 

behavior, such as in the apparent activation energies and reaction orders for propane and 

hydrogen gas, as reported in Figure 3.4. Through this figure, it is seen that the majority of 

surfaces have a reaction order of 1 for propane, and that reaction orders for hydrogen gas 

predominantly vary from -1 to 0 for PtSn/Pt(100), Pt3Sn/Pt(111), and Pt2Sn/Pt(211). 

Pt3Sn/Pt(100) has a predicted value of 0 for its hydrogen reaction order, with it varying 

from -0.5 to 0.5. All of these reaction orders indicate the changing nature of reaction 

mechanism dependent on the uncertainty within the adsorption and transition state 

energies.  
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In comparison with the pure metal, all of the tin-doped surfaces have 

approximately the same or higher selectivity than the bare platinum catalysts, which can 

be seen in Figure 3.5 and Figure 3.6, with the exception of Pt2Sn/Pt(211). The Pt(211) 

alloy’s behavior is due to the decreased barriers for further dehydrogenation and 

cracking. In addition, for Pt3Sn/Pt(100), the most important side products are methane 

and ethylene, while for PtSn/Pt(100), they are methane and acetylene, as reported in the 

Appendix as Table B.16. PtSn/Pt(100) and Pt3Sn/Pt(100) achieve an average selectivity 

to propylene of 31.3% and 36.3%, which is similar to the reported propylene selectivity 

of 33% on Pt(100) from Fricke et al.29 It is noted that the selectivity distributions for both 

tin alloys have a heavier probability density in the higher selectivity region when 

compared to Pt(100).   

 These predicted values for propylene selectivity, and other observable data, are 

dependent on the rate determining steps. Figure 3.7 graphically describes the most 

important rate controlling steps. For Pt3Sn/Pt(100) and Pt3Sn/Pt(111), the first 

dehydrogenation step from propane to a C3H7
* intermediate is rate controlling. On 

Pt2Sn/Pt(211), the first dehydrogenation step is partially rate controlling, while the 

second dehydrogenation step is also partially rate controlling. These can be explained by 

the reaction pathways described in Table 3.1. PtSn/Pt(100) has multiple predicted rate 

determining steps for propane dehydrogenation. This complexity arises from the interplay 

of the rates, the coverages of different species, and the low barriers for an alternative 

dehydrogenation pathway to produce unwanted side products. These pathways are 

similarly rate determining when measuring the turnover frequency of propylene, as 

described in the Appendix B Figures B.3 and B.4. The reaction CH3CH2CH2 → 
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CH3CH2CH + H, has a lower barrier of 0.1 eV when compared to the propylene pathways 

of CH3CH2CH2 → CH3CHCH2 + H and CH3CHCH3 → CH3CHCH2 + H. These 

variations in the figure of the degree of kinetically rate controlling species can be 

ascribed to the uncertainty within these barriers that changes the observed rate controlling 

step.   

3.3.2 Calibration 

 In addition to the prior results discussed above, the models were also calibrated to 

the experimental selectivity and propylene turnover frequency, as previously discussed in 

the methods section. The experimental data can be viewed in the Appendix B Table B.4.  

Calibration informs the model by reducing the uncertainty in the prior uncertainty derived 

from BEEF-vdW such that the posterior simulations better explain the experimental data 

as compared with the prior simulations. This can be seen in Figures 8 and 9. The output 

of all of the turnover frequencies of the surfaces center around the reported turnover 

frequency. Selectivity to propylene for the calibrated models increases significantly, with 

all surfaces encapsulating the experimental data.  

 This calibration procedure not only affects the calibrated experimental quantities 

of interest, such as the TOF of propylene and selectivity to propylene, but also the 

reaction orders, apparent activation energies, and degree of rate control for each surface. 

As seen in Figures 3.8 and 3.9, the differences between the calibrated and prior apparent 

activation energies and reaction orders are significant. The peaks of the apparent 

activation energy distributions center at approximately 2 eV, and the reaction orders in 

hydrogen gas are between -1 and 0. Calibration affects the reactions that are kinetically 
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rate controlling, as seen in Figure 3.10. For Pt3Sn/Pt(100) and Pt3Sn/Pt(111), the main 

kinetically rate controlling step is CH3CH2CH3  → CH3CHCH3 + H. For PtSn/Pt(100), 

the  dominant kinetically rate controlling step is  CH3CH2CH3  → CH3CH2CH2 + H, 

which is different than the previous uncalibrated data in Figure 3.7, where the reaction of 

CH3CH2CH2 → CH3CH2CH + H is often rate controlling for propane consumption. 

Pt2Sn/Pt(211) has multiple rate controlling steps, however, all of them are part of the 

direct propane to propylene dehydrogenation pathway. In addition, the degree of kinetic 

rate control using the turnover frequency of propylene, as reported in the Appendix B. As 

seen in Figure B.7 , the degree of kinetic rate control measuring propylene turnover 

frequency is nearly identical to the degree of kinetic rate control when measuring propane 

turnover frequency. This is due to the high selectivity to propylene for all surfaces. 

 Finally, the evidence of the surfaces to describe the experimental kinetic 

observations can be compared using Bayes factors, as shown in Table 3.2, and then 

evaluated using Jeffreys’ scale, in Table 3.3.53 We find that there is strong evidence to 

support Pt2Sn/Pt(211) when referenced to Pt3Sn/Pt(111), the next highest evidence 

model, as the active site for these catalysts. This observation agrees with the Pt-only 

models that also found the step sites to best describe the active sites in the experiments.  

3.4 Conclusions 

To identify the how platinum-tin alloys affect propane dehydrogenation to 

propylene over Pt-Sn catalysts, multiple elementary reactions for the propane 

dehydrogenation were studied from first principles over four surfaces: Pt3Sn/Pt(100), 

PtSn/Pt(100), Pt3Sn/Pt(111),  and Pt2Sn/Pt(211). Mean-field microkinetic models were 
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generated to give information that can directly be compared to experimental observation. 

Lateral interactions were included for high coverage species for Pt3Sn/Pt(100). All other 

surface models displayed no high coverage species. Given the uncertainties in the DFT 

energies, we use the BEEF-vdW Model with Ensembles (BMwE) for generating the 

correlation structure of the DFT functional energy uncertainty for each surface model. In 

addition to testing at reported experimental conditions, we also calibrated our models to 

the reported experimental data.  

The prior, uncalibrated models all show a high free site coverage, indicating the 

impact of tin on all of the platinum-tin surface alloys. In addition, the prior models for 

Pt3Sn/Pt(111) show a greatly increased selectivity to propylene when compared to the 

pure platinum surface. Pt3Sn/Pt(100) and PtSn/Pt(100) both show a wider distribution of 

selectivity values, however, their averages are similar to Pt(100), and Sn may not 

meaningfully increase the selectivity for this surface. Pt2Sn/Pt(211) is highly selectivity 

to propylene production, which is similar to the pure Pt(211) facet. The rate controlling 

steps vary for propane consumption and propylene production for each facet, but most are 

the first dehydrogenation step of propane, with the exception of PtSn/Pt(100), where 

multiple second dehydrogenation steps could be rate controlling.  

The calibrated model showed all surfaces were highly selective to propylene 

production, and all of the probability densities encapsulated the reported turnover 

frequencies. In addition, the first dehydrogenation step of propane was rate controlling 

over all surfaces, save Pt2Sn/Pt(211), where the first and second dehydrogenation step 

were often rate controlling. Through Bayesian inference and Jeffreys’ scale, 

Pt2Sn/Pt(211) has strong evidence to be the active site.   
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 Though this study was comprehensive in studying surface alloys of different 

platinum facets, there is much debated over what are the most representative models of 

Pt-Sn alloys. Though models may include bulk alloys, in actuality, there are many 

possibilities and we are still unsure how to describe the active site for these particular 

catalysts, especially when catalyst particle composition and distribution varies with 

catalyst synthesis, which may yield different alloys for catalyst particles, including the 

presence of pure metal surfaces as well. Finally, more kinetic experimental data, 

including additional TOFs, selectivities, reaction orders, apparent activation energies, and 

other reaction data is likely needed to further refine the calibration problem and perform 

fuller model analysis. 
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3.6 Figures and Tables 

 

Figure 3.1: Dehydrogenation reaction network around C1-3 species. 

 

Figure 3.2: The four surfaces evaluated in this study.   
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Figure 3.3: Histograms of the turnover frequency of propylene (TOF) and selectivity 

towards propylene on all four surfaces for the prior model, i.e., no calibration.  

 

Figure 3.4: Apparent activation energy, reaction order of propane, and reaction order of 

H2 for all four surfaces calculated using the TOF of propylene for the prior model, i.e., no 

calibration. 
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Figure 3.5: Comparison between pure Pt(100) surface as modeled in Fricke et al.29 and its 

corresponding tin-doped surfaces studied in this work. 

 

Figure 3.6: Comparison between pure Pt(111) and Pt(211) surfaces as modeled in Fricke 

et al.29 versus their corresponding tin-doped surface studied in this work. 

 

Figure 3.7: Degree of kinetic rate control (DKRC) for the most important steps on all four 

Pt-Sn alloy surfaces calculated using the TOF of propane consumption. (a) Pt3Sn/Pt(100), 

(b) PtSn/Pt(100), (c) Pt3Sn/Pt(111), (d) Pt2Sn/Pt(211) 
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Figure 3.8: Calibrated models for TOFs of propylene production and selectivity towards 

propylene on all four Pt-Sn surface models.  

 

Figure 3.9: Calibrated models for apparent activation energies and reaction orders for 

propylene production for all four Pt-Sn alloy surface models. 

 

 

Figure 3.10: Degree of kinetic rate control (DKRC) for the most important steps on all four 

Pt-Sn alloy surfaces calculated using the TOF of propane consumption calibrated to the 

experimental data6.  
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Table 3.1: Activation barriers of select reactions that occur early in the dehydrogenation 

mechanism. Referenced to the reactant at 792K. All reactions occur on the surface.  

 

 

 

 

 

 

 

 

 

Chemical Reaction Reaction Number Pt3Sn/(100) PtSn/Pt(100)  Pt3Sn/(111)  Pt2Sn/(211)

CH3CH2CH3 → CH3CHCH3+H 1 0.97 1.36 1.30 1.22

CH3CH2CH3 → CH3CH2CH2 +H 2 1.05 1.33 1.30 1.05

CH3CHCH3 → CH3CHCH2+H 3 0.82 1.48 1.01 0.92

CH3CH2CH2 → CH3CHCH2+H 4 0.76 1.49 1.03 1.09

CH3CH2CH3 → CH3+CH2CH3 5 2.43 2.31 2.63 2.15

CH3CHCH3 → CH3CH+CH3 6 1.86 2.46 2.04 2.22

CH3CHCH3 → CH3CCH3+H 7 0.58 1.76 0.94 0.98

CH3CH2CH2 → CH3CH2+CH2 8 1.63 2.39 1.97 2.08

CH3CH2CH2 → CH3+CH2CH2 9 2.27 2.89 2.75 2.86

CH3CH2CH2 → CH2CH2CH2+H 10 1.04 1.41 1.27 1.26

CH3CH2CH2 → CH3CH2CH +H 11 0.66 1.36 1.00 1.27

CH3CH2CH → CH3CH2C +H 14 0.72 1.77 0.59 0.89

CH3CH2CH → CH3CHCH+H 15 0.86 0.58 0.90 0.68

CH3CH2CH → CH2CH2CH+H 16 1.28 1.40 1.35 2.00

CH3CHCH2 → CH3+CHCH2 20 1.49 3.17 2.01 1.90

CH3CHCH2 → CH3CH+CH2 21 1.90 2.50 2.01 2.13

CH3CHCH2 → CH3CCH2+H 22 0.91 1.74 0.99 1.42

CH3CHCH2 → CH3CHCH+H 23 0.78 1.33 1.01 1.54

CH3CHCH2 → CH2CHCH2+H 24 0.93 0.93 1.05 0.94

CH3CHCH → CH3+CHCH 39 1.45 2.47 1.67 1.60

CH3CHCH → CH3CH+CH 40 1.82 2.53 1.77 2.88

CH3CHCH → CH3CHC+H 41 1.01 0.80 0.53 0.59

CH3CHCH → CH3CCH+H 42 1.37 1.77 0.92 0.57

CH3CHCH → CH2CHCH+H 43 1.37 1.17 1.27 1.04

CH3CCH2 → CH3+CH2C 44 1.70 2.42 1.46 1.37

CH3CCH2 → CH3C+CH2 45 1.11 2.49 1.90 2.13

CH3CCH2 → CH2CCH2+H 46 1.01 0.91 1.12 0.35

CH3CCH2 → CH3CCH+H 47 0.95 1.76 0.92 1.28

Activation Barrier (eV)
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Table 3.2: Evidence and Bayes factor for each surface as compared to Pt3Sn/Pt(111) 

 

Table 3.3: Jefferys’ scale for Bayes factors, B12 = p(D|M1)/p(D|M2)
53 

B12 Evidence for M1 

1 - 3.2 Not worth more than a bare mention 

3.2 - 10 Positive 

10 - 100 Strong 

> 100 Very strong 

 

 

 

  

Surface Evidence Bayes Factor

Pt3Sn/Pt(100) 3.67 x 10
-4

2.96 x 10
-1

PtSn/Pt(100) 3.60 x 10
-4

2.90 x 10
-1

Pt3Sn/Pt(111) 1.24 x 10
-3 1.00

Pt2Sn/Pt(211) 1.57 x 10
-2 12.6
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APPENDIX A 

SUPPORTING INFORMATION FOR PROPANE DEHYDROGENATION 

ON PLATINUM CATALYSTS: IDENTIFYING THE ACTIVE SITES 

THROUGH BAYESIAN ANALYSIS3 
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A.1 Lattice Parameters for Surface Structures 

The information in Appendix A Table A.1 describes the cell vectors for the 

proceeding calculations.  

Table A.1: Cell parameter vectors for each of the slabs studied in this work.  

 

A.2 Bayesian Statistics and Priors 

A.2.1 Prior Construction for Intermediate and Transition States for the Four 

Functional Models 

Previous work done by Walker et. al.1,2 used four DFT functionals3-7 to obtain a 

prior uncertainty. We chose four functionals in this study, as discussed in the main paper, 

to represent different possible ways functionals treat a hydrocarbon/metal systems on each 

of the different facets. Appendix A Tables A.2 – A.14 list the relative free energies of the 

adsorbed species, the gas species, as well as the free energies of the transition state species, 

in reference to gaseous propane and hydrogen gas (at reaction temperature and 1 bar), and 

the specific metal facet in which these calculations took place.  

Table A.2: Free energies of adsorbed species on Pt(100) at 633 K, PCH3CH2CH3 of 1 bar, 

and PH2 of 1 bar, referenced to gaseous propane, hydrogen, and platinum surface slab. 

Pt(100) Free Energy of Adsorption, ∆𝐺𝑎𝑑𝑠,𝑖 (eV) 

Adsorbed 

Species 

Adsorption 

Number (ADS #) PBE-D3 

BEEF-

vdW  RPBE  

SCAN-

rVV10  

CH3CH2CH3 1 0.36 0.89 1.15 0.91 

CH3CHCH3 2 0.16 0.73 1.08 0.53 

CH3CH2CH2 3 0.32 0.78 1.02 0.67 

CH3CHCH2 4 0.00 0.49 0.82 0.36 

CH3CH2CH 5 -0.00 0.46 0.92 0.29 

CH2CH2CH2 6 0.10 0.69 1.20 0.36 

CH3CCH3 7 -0.14 0.41 0.95 0.19 

Vector

x 11.085 0.000 0.000 11.085 0.000 0.000 13.574 0.000 0.000

y 0.000 11.085 0.000 -5.542 9.600 0.000 0.000 11.083 0.000

z 0.000 0.000 25.878 0.000 0.000 26.788 0.000 0.000 27.199

Pt(100) Pt(111) Pt(211)

Cell Parameter Vectors for Each Surface, in Å
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CH3CH2C 8 -0.25 0.15 0.61 0.23 

CH2CH2CH 9 0.54 1.08 1.55 0.73 

CH2CHCH2 10 -0.31 0.21 0.73 -0.04 

CH3CHCH 11 -0.06 0.42 0.88 0.10 

CH3CCH2 12 0.06 0.53 0.96 0.25 

CH3CHC 13 0.31 0.74 1.14 0.57 

CH2CH2C 14 0.05 0.45 0.88 0.36 

CHCH2CH 15 -0.38 0.15 0.59 -0.26 

CH2CHCH 16 -0.32 0.20 0.67 -0.13 

CH2CCH2 17 -0.14 0.37 0.83 0.01 

CH3CCH 18 -0.84 -0.41 0.04 -0.62 

CH3CC 19 -0.41 -0.12 0.30 -0.16 

CH2CHC 20 0.01 0.39 0.85 0.22 

CHCHCH 21 1.17 1.64 2.03 1.27 

CHCH2C 22 -0.05 0.40 0.81 0.03 

CH2CCH 23 -0.26 0.24 0.65 -0.11 

CH2CC 24 -0.16 0.15 0.57 -0.03 

CHCHC 25 -0.08 0.28 0.70 0.01 

CCH2C 26 1.24 1.62 1.97 1.34 

CHCCH 27 -0.07 0.34 0.75 0.19 

CCHC 28 1.52 1.69 2.07 2.17 

CHCC 29 0.59 0.88 1.30 0.84 

CCC 30 1.73 1.78 2.16 2.32 

CH3CH3 31 0.15 0.46 0.76 0.57 

CH3CH2 32 0.07 0.40 0.74 0.33 

CH3CH 33 -0.14 0.21 0.53 0.05 

CH3C 34 -0.40 -0.16 0.13 -0.03 

CH2CH2 35 -0.16 0.21 0.54 0.06 

CH2CH 36 -0.12 0.22 0.52 0.01 

CH2C 37 -0.01 0.16 0.45 0.14 

CHCH 38 -0.80 -0.53 -0.26 -0.66 

CHC 39 -0.31 -0.16 0.10 -0.16 

CC 40 0.50 0.54 0.81 0.70 

CH4 41 -0.16 -0.07 0.10 0.12 

CH3 42 -0.08 0.09 0.27 0.06 

CH2 43 -0.09 0.07 0.23 -0.02 

CH 44 -0.31 -0.24 -0.13 -0.02 

C 45 -0.14 -0.23 -0.10 0.24 

H 46 -0.30 -0.17 -0.22 -0.22 
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Table A.3. Free energies of transition state species on Pt(100) at 633 K, PCH3CH2CH3 of 1 

bar, and PH2 of 1 bar, referenced to gaseous propane, hydrogen, and platinum surface 

slab. 

Pt(100) Free Energy of the Transition State, 

∆𝐺,𝑗
‡
 (eV) 

Chemical Reaction  Reaction 

Number 

PBE-

D3 

BEEF-

vdW 

RPBE SCAN-

rVV10 

CH3CH2CH3 → CH3CHCH3+H 1 0.72 1.41 1.85 1.01 

CH3CH2CH3 → CH3CH2CH2 +H 2 0.79 1.54 1.87 1.16 

CH3CHCH3 → CH3CHCH2+H 3 0.48 1.31 1.73 0.97 

CH3CH2CH2 → CH3CHCH2+H 4 0.59 1.32 1.69 0.98 

CH3CH2CH3 → CH3+CH2CH3 5 2.54 3.47 3.86 2.93 

CH3CHCH3 → CH3CH+CH3 6 1.45 2.21 2.71 1.85 

CH3CHCH3 → CH3CCH3+H 7 0.47 1.23 1.67 0.66 

CH3CH2CH2 → CH3CH2+CH2 8 1.50 2.21 2.63 1.87 

CH3CH2CH2 → CH3+CH2CH2 9 2.53 3.46 3.83 2.82 

CH3CH2CH2 → CH2CH2CH2+H 10 0.68 1.55 1.97 0.97 

CH3CH2CH2 → CH3CH2CH +H 11 0.56 1.31 1.65 0.80 

CH3CH2CH → CH3CH2+CH 12 1.42 2.11 2.52 1.66 

CH3CH2CH → CH3+CH2CH 13 1.73 2.49 2.96 2.07 

CH3CH2CH → CH3CH2C +H 14 0.52 0.92 1.27 0.69 

CH3CH2CH → CH3CHCH+H 15 0.32 1.33 1.70 0.85 

CH3CH2CH → CH2CH2CH+H 16 0.68 1.53 1.91 0.93 

CH2CH2CH2→ CH2+CH2CH2 17 1.44 2.11 2.59 1.71 

CH2CH2CH2→ CH2CH2CH+H 18 0.52 1.37 1.77 0.66 

CH2CH2CH2→ CH2CHCH2+H 19 0.67 1.46 1.93 0.95 

CH3CHCH2 → CH3+CHCH2 20 1.16 1.86 2.34 1.45 

CH3CHCH2 → CH3CH+CH2 21 1.16 1.97 2.41 1.48 

CH3CHCH2 → CH3CCH2+H 22 0.37 1.15 1.58 0.57 

CH3CHCH2 → CH3CHCH+H 23 0.34 1.09 1.48 0.57 

CH3CHCH2 → CH2CHCH2+H 24 0.38 1.18 1.62 0.69 

CH3CCH3 → CH3+CH3C 25 1.31 2.02 2.48 1.54 

CH3CCH3 → CH3CCH2+H 26 0.75 1.55 1.89 1.00 

CH3CH2C  → CH3+CH2C 27 1.66 2.20 2.64 2.11 

CH3CH2C → CH3CH2+C 28 1.23 1.71 2.14 1.78 

CH3CH2C → CH2CH2C+H 29 0.62 1.28 1.62 0.89 

CH3CH2C → CH3CHC+H 30 0.52 1.07 1.42 0.77 

CH2CH2CH → CH2+CH2CH 31 1.48 2.14 2.61 1.71 

CH2CH2CH → CH2CH2+CH 32 1.75 2.35 2.80 1.98 

CH2CH2CH → CH2CH2C+H 33 0.90 1.57 1.91 1.23 

CH2CH2CH → CH2CHCH+H 34 1.34 2.20 2.57 1.50 

CH2CH2CH → CHCH2CH+H 35 0.60 1.43 1.79 0.72 
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CH2CHCH2 → CH2+CH2CH 36 1.10 1.83 2.28 1.34 

CH2CHCH2 → CH2CHCH+H 37 0.63 1.42 1.84 0.86 

CH2CHCH2 → CH2CCH2+H 38 0.30 1.05 1.46 0.43 

CH3CHCH → CH3+CHCH 39 0.81 1.51 1.92 1.08 

CH3CHCH → CH3CH+CH 40 1.41 1.99 2.38 1.72 

CH3CHCH → CH3CHC+H 41 0.63 1.26 1.60 0.92 

CH3CHCH → CH3CCH+H 42 0.06 0.81 1.17 0.25 

CH3CHCH → CH2CHCH+H 43 0.36 1.19 1.56 0.51 

CH3CCH2 → CH3+CH2C 44 0.71 1.40 1.79 0.82 

CH3CCH2 → CH3C+CH2 45 1.11 1.85 2.20 1.32 

CH3CCH2 → CH2CCH2+H 46 1.15 1.87 2.27 1.55 

CH3CCH2 → CH3CCH+H 47 0.37 1.02 1.37 0.68 

CH3CHC → CH3+CHC 48 1.30 1.85 2.26 1.59 

CH3CHC → CH3CH+C 49 1.37 1.68 2.07 1.66 

CH3CHC → CH3CC+H 50 0.83 1.41 1.72 1.12 

CH3CHC → CH2CHC+H 51 1.29 1.88 2.28 1.71 

CH2CH2C → CH2CH2+C 52 1.12 1.50 1.92 1.56 

CH2CH2C → CH2+CH2C 53 1.47 2.01 2.45 1.93 

CH2CH2C → CH2CHC+H 54 0.57 1.22 1.57 0.67 

CH2CH2C → CHCH2C+H 55 1.38 1.98 2.33 1.71 

CHCH2CH→ CH2CH+CH 56 1.38 1.97 2.39 1.48 

CHCH2CH → CHCH2C+H 57 2.73 3.24 3.57 3.07 

CHCH2CH → CHCHCH+H 58 2.02 2.54 2.92 2.32 

CH2CHCH→ CH2+CHCH 59 0.99 1.60 2.03 1.16 

CH2CHCH → CH2CH+CH 60 1.49 2.15 2.56 1.67 

CH2CHCH → CH2CHC+H 61 0.53 1.19 1.58 0.69 

CH2CHCH → CH2CCH+H 62 -0.18 0.55 0.91 -0.07 

CH2CHCH → CHCHCH+H 63 0.80 1.55 1.90 0.96 

CH2CCH2 → CH2C+CH2 64 1.62 2.02 2.47 1.73 

CH2CCH2 → CH2CCH+H 65 0.76 1.40 1.77 1.11 

CH3CCH→ CH3C+CH 66 0.50 1.02 1.41 0.70 

CH3CCH → CH3+CHC 67 0.62 1.16 1.56 0.78 

CH3CCH → CH3CC+H 68 0.10 0.66 1.00 0.27 

CH3CCH → CH2CCH+H 69 -0.13 0.58 0.94 0.02 

CH3CC→ CH3+CC 70 1.38 1.81 2.20 1.56 

CH3CC→ CH3C+C 71 0.96 1.32 1.70 1.14 

CH3CC → CH2CC+H 72 0.46 1.03 1.37 0.55 

CH2CHC→ CH2+CHC 73 1.69 2.25 2.67 1.93 

CH2CHC → CH2CH+C 74 1.85 2.21 2.61 2.11 

CH2CHC → CH2CC+H 75 1.54 2.10 2.48 1.72 

CH2CHC → CHCHC+H 76 1.43 2.00 2.33 1.64 

CHCH2C → CH+CH2C 77 1.69 2.75 3.15 2.68 

CHCH2C → CH2CH+C 78 1.74 2.09 2.48 1.87 
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CHCH2C → CHCHC+H 79 1.74 2.31 2.62 2.08 

CHCH2C → CCH2C+H 80 0.84 1.49 1.78 0.94 

CHCHCH → CH+CHCH 81 1.54 2.08 2.42 1.50 

CHCHCH → CHCHC+H 82 2.27 2.88 3.24 2.62 

CHCHCH → CHCCH+H 83 1.35 1.99 2.32 1.46 

CH2CCH → CH2+CHC 84 1.62 2.15 2.51 1.86 

CH2CCH → CH2C+CH 85 1.57 2.06 2.46 1.77 

CH2CCH → CH2CC+H 86 1.88 2.38 2.78 2.21 

CH2CCH → CHCCH+H 87 1.63 2.20 2.58 2.15 

CH2CC → CH2+CC 88 1.36 1.74 2.15 1.68 

CH2CC → CHC+C 89 2.62 2.85 3.19 2.84 

CH2CC → CHCC+H 90 1.20 1.75 2.08 1.49 

CHCHC→ CH+CHC 91 2.38 2.75 3.16 2.68 

CHCHC→ CHCH+C 92 2.26 2.46 2.87 2.75 

CHCHC→ CHCC+H 93 1.45 1.96 2.32 1.56 

CHCHC→ CCHC+H 94 2.65 3.02 3.35 3.00 

CCH2C → C+CH2C 95 2.27 2.45 2.84 2.68 

CCH2C →CCHC+H 96 2.64 3.06 3.38 2.98 

CHCCH → CH+CCH 97 1.32 1.77 2.10 1.64 

CHCCH → CHCC+H 98 2.43 2.80 3.20 2.85 

CCHC → CHC+C 99 1.93 2.27 2.61 2.39 

CCHC → CCC+H 100 2.98 3.38 3.73 3.36 

CHCC → CH+CC 101 1.96 2.28 2.65 2.38 

CHCC → CHC+C 102 1.85 2.13 2.46 2.35 

CHCC → CCC+H 103 1.97 2.36 2.72 2.25 

CCC → C+CC 104 2.67 2.82 3.20 2.99 

CH4 → CH3+H 105 0.36 0.81 0.89 0.53 

CH3 → CH2+H 106 0.24 0.70 0.77 0.24 

CH2→ CH+H 107 0.38 0.73 0.77 0.52 

CH → C+H 108 0.58 0.77 0.81 0.88 

CH3CH3 → CH3+CH3 109 2.03 2.67 2.98 2.39 

CH3CH3 → CH3CH2+H 110 0.52 1.17 1.41 0.81 

CH3CH2 → CH3+CH2 111 1.26 1.85 2.14 1.54 

CH3CH2 → CH3CH+H 112 0.36 0.98 1.22 0.50 

CH3CH2 →CH2CH2+H 113 0.49 1.04 1.32 0.77 

CH3CH → CH3+CH 114 1.50 2.06 2.30 1.69 

CH3CH → CH3C+H 115 0.22 0.70 0.91 0.44 

CH3CH → CH2CH+H 116 0.48 1.14 1.35 0.62 

CH3C → CH3+C 117 1.09 1.38 1.63 1.51 

CH3C → CH2C+H 118 0.49 0.92 1.12 0.73 

CH2CH2 → CH2+CH2 119 1.46 1.97 2.28 1.67 

CH2CH2 → CH2CH+H 120 0.31 0.92 1.15 0.40 

CH2CH →CH2+CH 121 0.92 1.45 1.67 0.92 
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CH2CH → CH2C+H 122 0.65 0.60 1.31 0.83 

CH2CH → CHCH+H 123 0.11 1.10 0.90 0.20 

CH2C → CH2+C 124 1.41 1.64 1.86 1.57 

CH2C → CHC+H 125 0.24 0.69 0.86 0.30 

CHCH → CH+CH 126 0.70 1.09 1.30 0.77 

CHCH → CHC+H 127 0.18 0.60 0.78 0.24 

CHC → CH+C 128 2.01 2.31 2.52 2.08 

CHC → CC + H 129 0.88 1.20 1.39 0.98 

CC → C+C 130 1.87 1.97 2.20 2.02 
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Table A.4: Free energies of Adsorbed Species on Pt(111) at 633 K, PCH3CH2CH3 of 1 bar, 

and PH2 of 1 bar, referenced to gaseous propane, hydrogen, and platinum surface slab. 

Pt(111) Free Energy of Adsorption, ∆𝐺𝑎𝑑𝑠,𝑖 (eV) 

Adsorbed Species 

Adsorption 

Number (ADS #) 

PBE-D3 BEEF-

vdW 

RPBE SCAN-

rVV10 

CH3CH2CH3 1 0.26 0.76 1.22 0.65 

CH3CHCH3 2 0.24 0.87 1.44 0.47 

CH3CH2CH2 3 0.38 0.92 1.37 0.57 

CH3CHCH2 4 0.08 0.72 1.27 0.21 

CH3CH2CH 5 0.42 0.93 1.41 0.57 

CH2CH2CH2 6 0.26 0.94 1.50 0.32 

CH3CCH3 7 0.12 0.73 1.28 0.26 

CH3CH2C 8 -0.33 0.11 0.56 -0.18 

CH2CH2CH 9 0.54 1.14 1.66 0.55 

CH2CHCH2 10 0.28 0.90 1.46 0.36 

CH3CHCH 11 0.23 0.79 1.30 0.30 

CH3CCH2 12 0.10 0.66 1.19 0.13 

CH3CHC 13 0.12 0.60 1.06 0.21 

CH2CH2C 14 0.37 0.89 1.34 0.42 

CHCH2CH 15 0.37 0.96 1.48 0.38 

CH2CHCH 16 1.20 1.80 2.27 0.88 

CH2CCH2 17 0.38 0.92 1.42 0.39 

CH3CCH 18 0.18 0.67 1.13 0.26 

CH3CC 19 0.80 1.20 1.60 0.92 

CH2CHC 20 0.74 1.23 1.71 0.76 

CHCHCH 21 0.46 1.00 1.47 0.34 

CHCH2C 22 1.73 2.14 2.60 1.79 

CH2CCH 23 0.35 0.87 1.34 0.27 

CH2CC 24 0.93 1.43 1.88 0.85 

CHCHC 25 1.05 1.37 1.82 1.17 

CCH2C 26 1.35 1.66 2.09 1.45 

CHCCH 27 0.74 1.23 1.68 0.67 

CCHC 28 1.34 1.68 2.10 1.28 

CHCC 29 1.72 2.02 2.46 1.75 

CCC 30 2.47 2.68 3.14 2.59 

CH3CH3 31 0.10 0.46 0.76 0.38 

CH3CH2 32 0.13 0.55 0.90 0.26 

CH3CH 33 0.26 0.64 0.98 0.29 

CH3C 34 -0.38 -0.11 0.18 -0.31 

CH2CH2 35 0.03 0.48 0.84 0.05 

CH2CH 36 0.17 0.56 0.89 0.09 

CH2C 37 0.00 0.35 0.64 -0.16 
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CHCH 38 0.22 0.58 0.88 0.10 

CHC 39 1.02 1.26 1.54 0.97 

CC 40 1.76 1.98 2.24 1.68 

CH4 41 -0.24 -0.09 0.05 -0.09 

CH3 42 0.07 0.32 0.51 0.05 

CH2 43 0.32 0.53 0.69 0.23 

CH 44 -0.22 -0.09 0.03 -0.33 

C 45 0.51 0.60 0.73 0.46 

H 46 -0.18 -0.03 -0.10 -0.17 
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Table A.5: Free energies of transition state species on Pt(111) at 633 K, PCH3CH2CH3 of 1 

bar, and PH2 of 1 bar, referenced to gaseous propane, hydrogen, and platinum surface 

slab. 

Pt(111) Free Energy of the Transition State, 

∆𝐺𝑎𝑑𝑠,𝑗
‡

 (eV) 

Chemical Reaction  Reaction 

Number 

PBE-

D3 

BEEF-

vdW 

RPBE SCAN-

rVV10 

CH3CH2CH3 → CH3CHCH3+H 1 1.01 1.92 2.39 1.29 

CH3CH2CH3 → CH3CH2CH2 +H 2 0.99 1.78 2.12 1.20 

CH3CHCH3 → CH3CHCH2+H 3 0.85 1.76 2.22 0.99 

CH3CH2CH2 → CH3CHCH2+H 4 0.91 1.79 2.21 1.00 

CH3CH2CH3 → CH3+CH2CH3 5 2.71 3.50 3.93 2.97 

CH3CHCH3 → CH3CH+CH3 6 2.06 2.87 3.41 2.32 

CH3CHCH3 → CH3CCH3+H 7 0.85 1.71 2.19 0.92 

CH3CH2CH2 → CH3CH2+CH2 8 2.23 2.93 3.38 2.43 

CH3CH2CH2 → CH3+CH2CH2 9 2.55 3.46 3.98 2.76 

CH3CH2CH2 → CH2CH2CH2+H 10 0.97 1.96 2.41 1.05 

CH3CH2CH2 → CH3CH2CH +H 11 1.02 1.79 2.16 1.08 

CH3CH2CH → CH3CH2+CH 12 2.68 3.53 4.02 2.88 

CH3CH2CH → CH3+CH2CH 13 2.56 3.35 3.84 2.74 

CH3CH2CH → CH3CH2C +H 14 0.79 1.51 1.91 0.94 

CH3CH2CH → CH3CHCH+H 15 0.93 1.77 2.20 0.98 

CH3CH2CH → CH2CH2CH+H 16 1.13 2.05 2.47 1.18 

CH2CH2CH2→ CH2+CH2CH2 17 1.61 2.46 2.98 1.72 

CH2CH2CH2→ CH2CH2CH+H 18 1.05 1.94 2.39 0.98 

CH2CH2CH2→ CH2CHCH2+H 19 0.71 1.61 2.10 0.73 

CH3CHCH2 → CH3+CHCH2 20 1.79 2.62 3.13 1.95 

CH3CHCH2 → CH3CH+CH2 21 1.98 2.76 3.26 2.18 

CH3CHCH2 → CH3CCH2+H 22 0.81 1.70 2.14 0.82 

CH3CHCH2 → CH3CHCH+H 23 0.80 1.64 2.10 0.79 

CH3CHCH2 → CH2CHCH2+H 24 0.79 1.65 2.15 0.92 

CH3CCH3 → CH3+CH3C 25 1.64 2.41 2.92 1.77 

CH3CCH3 → CH3CCH2+H 26 1.02 1.79 2.23 1.23 

CH3CH2C  → CH3+CH2C 27 1.91 2.55 3.02 1.91 

CH3CH2C → CH3CH2+C 28 1.56 2.28 2.72 1.52 

CH3CH2C → CH2CH2C+H 29 1.02 1.82 2.21 1.11 

CH3CH2C → CH3CHC+H 30 1.04 1.89 2.25 1.06 

CH2CH2CH → CH2+CH2CH 31 2.01 2.77 3.27 2.09 

CH2CH2CH → CH2CH2+CH 32 1.76 2.50 2.98 1.88 

CH2CH2CH → CH2CH2C+H 33 1.07 1.87 2.28 1.06 

CH2CH2CH → CH2CHCH+H 34 1.23 2.10 2.54 1.19 

CH2CH2CH → CHCH2CH+H 35 1.69 2.51 2.93 1.71 
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CH2CHCH2 → CH2+CH2CH 36 1.96 2.72 3.23 2.13 

CH2CHCH2 → CH2CHCH+H 37 0.86 1.73 2.17 0.75 

CH2CHCH2 → CH2CCH2+H 38 1.22 2.05 2.49 1.17 

CH3CHCH → CH3+CHCH 39 2.01 2.81 3.28 2.05 

CH3CHCH → CH3CH+CH 40 1.67 2.28 2.74 1.72 

CH3CHCH → CH3CHC+H 41 0.76 1.53 1.93 0.83 

CH3CHCH → CH3CCH+H 42 0.87 1.65 2.06 0.92 

CH3CHCH → CH2CHCH+H 43 1.04 1.92 2.34 1.01 

CH3CCH2 → CH3+CH2C 44 1.87 2.60 3.08 1.89 

CH3CCH2 → CH3C+CH2 45 1.64 2.30 2.77 1.73 

CH3CCH2 → CH2CCH2+H 46 0.97 1.57 1.98 0.71 

CH3CCH2 → CH3CCH+H 47 0.81 1.90 2.35 0.99 

CH3CHC → CH3+CHC 48 2.49 3.20 3.65 2.55 

CH3CHC → CH3CH+C 49 2.03 2.48 2.93 2.11 

CH3CHC → CH3CC+H 50 1.29 1.93 2.29 1.38 

CH3CHC → CH2CHC+H 51 1.13 1.95 2.32 1.13 

CH2CH2C → CH2CH2+C 52 1.89 2.37 2.85 1.86 

CH2CH2C → CH2+CH2C 53 1.76 2.43 2.84 1.86 

CH2CH2C → CH2CHC+H 54 1.84 2.62 2.99 1.84 

CH2CH2C → CHCH2C+H 55 2.03 2.79 3.16 2.05 

CHCH2CH→ CH2CH+CH 56 2.04 2.65 3.11 2.04 

CHCH2CH → CHCH2C+H 57 2.16 2.91 3.30 2.14 

CHCH2CH → CHCHCH+H 58 1.54 2.40 2.76 1.40 

CH2CHCH→ CH2+CHCH 59 1.93 2.55 3.04 2.06 

CH2CHCH → CH2CH+CH 60 2.02 2.68 3.15 2.16 

CH2CHCH → CH2CHC+H 61 1.64 2.35 2.78 1.62 

CH2CHCH → CH2CCH+H 62 1.09 1.89 2.31 0.97 

CH2CHCH → CHCHCH+H 63 1.20 2.03 2.43 1.01 

CH2CCH2 → CH2C+CH2 64 2.16 2.79 3.28 2.23 

CH2CCH2 → CH2CCH+H 65 1.99 2.64 3.05 2.23 

CH3CCH→ CH3C+CH 66 1.70 2.34 2.78 1.66 

CH3CCH → CH3+CHC 67 2.05 2.68 3.12 2.10 

CH3CCH → CH3CC+H 68 1.52 2.15 2.51 1.65 

CH3CCH → CH2CCH+H 69 1.04 1.84 2.24 0.94 

CH3CC→ CH3+CC 70 3.33 3.88 4.33 3.24 

CH3CC→ CH3C+C 71 1.74 2.23 2.61 1.72 

CH3CC → CH2CC+H 72 1.51 2.11 2.49 1.63 

CH2CHC→ CH2+CHC 73 2.47 3.05 3.51 2.57 

CH2CHC → CH2CH+C 74 2.08 2.50 2.96 2.26 

CH2CHC → CH2CC+H 75 1.89 2.61 3.01 1.72 

CH2CHC → CHCHC+H 76 1.57 2.17 2.55 1.66 

CHCH2C → CH+CH2C 77 2.04 2.49 2.95 2.14 

CHCH2C → CH2CH+C 78 2.42 2.96 3.42 2.45 
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CHCH2C → CHCHC+H 79 2.49 3.10 3.49 2.51 

CHCH2C → CCH2C+H 80 2.39 2.89 3.27 2.42 

CHCHCH → CH+CHCH 81 1.49 2.08 2.51 1.51 

CHCHCH → CHCHC+H 82 1.11 1.92 2.27 1.00 

CHCHCH → CHCCH+H 83 2.13 2.89 3.27 2.01 

CH2CCH → CH2+CHC 84 2.69 3.26 3.72 2.77 

CH2CCH → CH2C+CH 85 1.79 2.40 2.81 1.69 

CH2CCH → CH2CC+H 86 1.80 2.53 2.93 1.61 

CH2CCH → CHCCH+H 87 1.84 2.57 2.93 1.61 

CH2CC → CH2+CC 88 3.32 3.76 4.25 3.25 

CH2CC → CHC+C 89 2.43 2.83 3.26 2.43 

CH2CC → CHCC+H 90 2.36 2.97 3.38 2.40 

CHCHC→ CH+CHC 91 1.89 2.47 2.87 1.77 

CHCHC→ CHCH+C 92 3.11 3.47 3.91 3.26 

CHCHC→ CHCC+H 93 2.80 3.24 3.63 3.03 

CHCHC→ CCHC+H 94 2.54 3.09 3.50 2.65 

CCH2C → C+CH2C 95 2.03 2.46 2.89 2.12 

CCH2C →CCHC+H 96 2.76 3.24 3.58 2.89 

CHCCH → CH+CCH 97 2.35 2.90 3.30 2.36 

CHCCH → CHCC+H 98 2.13 2.69 3.08 2.10 

CCHC → CHC+C 99 2.62 3.03 3.46 2.71 

CCHC → CCC+H 100 3.39 3.87 4.24 3.40 

CHCC → CH+CC 101 3.14 3.50 3.89 3.08 

CHCC → CHC+C 102 3.07 3.47 3.87 3.16 

CHCC → CCC+H 103 3.33 3.78 4.15 3.48 

CCC → C+CC 104 3.79 4.06 4.48 3.84 

CH4 → CH3+H 105 0.67 1.24 1.33 0.69 

CH3 → CH2+H 106 0.81 1.31 1.39 0.64 

CH2→ CH+H 107 0.45 0.92 0.96 0.23 

CH → C+H 108 0.98 1.42 1.45 0.68 

CH3CH3 → CH3+CH3 109 2.90 3.81 4.07 3.12 

CH3CH3 → CH3CH2+H 110 0.82 1.59 1.85 0.96 

CH3CH2 → CH3+CH2 111 1.81 2.45 2.78 1.94 

CH3CH2 → CH3CH+H 112 0.88 1.56 1.83 0.84 

CH3CH2 →CH2CH2+H 113 0.94 1.59 1.87 1.10 

CH3CH → CH3+CH 114 1.60 2.17 2.46 1.71 

CH3CH → CH3C+H 115 0.62 1.16 1.39 0.65 

CH3CH → CH2CH+H 116 0.85 1.52 1.75 0.76 

CH3C → CH3+C 117 1.64 2.13 2.40 1.63 

CH3C → CH2C+H 118 0.88 1.46 1.68 0.76 

CH2CH2 → CH2+CH2 119 2.00 2.59 2.91 2.08 

CH2CH2 → CH2CH+H 120 0.81 1.51 1.76 0.68 

CH2CH →CH2+CH 121 1.85 2.41 2.68 1.67 
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CH2CH → CH2C+H 122 0.61 1.27 1.49 0.38 

CH2CH → CHCH+H 123 0.89 1.56 1.78 0.73 

CH2C → CH2+C 124 2.04 2.44 2.70 1.93 

CH2C → CHC+H 125 1.30 1.85 2.07 1.15 

CHCH → CH+CH 126 1.64 2.14 2.36 1.38 

CHCH → CHC+H 127 1.52 2.04 2.27 1.40 

CHC → CH+C 128 2.14 2.48 2.71 1.99 

CHC → CC + H 129 2.57 2.15 3.16 2.60 

CC → C+C 130 3.03 3.22 3.47 2.98 
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Table A.6: Free energies of adsorbed species on Pt(211) at 633 K, PCH3CH2CH3 of 1 bar, 

and PH2 of 1 bar, referenced to gaseous propane, hydrogen, and platinum surface slab. 

Pt(211) Free Energy of Adsorption, ∆𝐺𝑎𝑑𝑠,𝑖 
(eV) 

Adsorbed Species 

Adsorption 

Number (ADS #) 

PBE-

D3 

BEEF-

vdW 

RPBE SCAN-

rVV10 

CH3CH2CH3 1 0.20 0.98 1.54 0.60 

CH3CHCH3 2 0.18 1.01 1.62 0.35 

CH3CH2CH2 3 0.34 1.04 1.48 0.42 

CH3CHCH2 4 -0.19 0.55 1.02 0.05 

CH3CH2CH 5 0.18 0.77 1.14 0.38 

CH2CH2CH2 6 0.21 0.97 1.37 0.34 

CH3CCH3 7 -0.15 0.70 1.17 -0.02 

CH3CH2C 8 -0.24 0.41 0.87 -0.13 

CH2CH2CH 9 0.41 1.13 1.52 0.56 

CH2CHCH2 10 -0.34 0.39 0.81 -0.25 

CH3CHCH 11 0.20 0.96 1.48 0.21 

CH3CCH2 12 0.04 0.80 1.30 0.03 

CH3CHC 13 0.05 0.67 1.12 0.24 

CH2CH2C 14 0.21 0.89 1.32 0.29 

CHCH2CH 15 -0.25 0.48 0.91 -0.26 

CH2CHCH 16 0.36 1.04 1.47 0.34 

CH2CCH2 17 -0.03 0.65 1.09 -0.04 

CH3CCH 18 -0.24 0.61 1.16 -0.12 

CH3CC 19 -0.35 0.19 0.64 -0.13 

CH2CHC 20 -0.03 0.66 1.13 0.13 

CHCHCH 21 -0.26 0.48 0.93 -0.23 

CHCH2C 22 0.01 0.83 1.37 0.09 

CH2CCH 23 0.06 0.78 1.31 0.21 

CH2CC 24 -0.05 0.45 0.89 0.19 

CHCHC 25 -0.34 0.27 0.71 -0.23 

CCH2C 26 1.32 1.83 2.17 1.51 

CHCCH 27 0.98 1.64 2.11 1.15 

CCHC 28 1.35 1.88 2.26 1.38 

CHCC 29 0.63 1.11 1.53 0.94 

CCC 30 1.43 1.87 2.37 1.68 

CH3CH3 31 0.14 0.70 0.93 0.24 

CH3CH2 32 0.06 0.58 0.85 0.13 

CH3CH 33 -0.19 0.30 0.57 -0.07 

CH3C 34 -0.39 0.02 0.25 -0.31 

CH2CH2 35 -0.25 0.30 0.54 -0.19 

CH2CH 36 0.17 0.73 1.02 0.05 

CH2C 37 0.07 0.49 0.77 0.06 
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CHCH 38 -0.06 0.56 0.90 -0.02 

CHC 39 -0.25 0.15 0.43 -0.10 

CC 40 0.50 0.81 1.11 0.71 

CH4 41 -0.12 0.18 0.27 -0.12 

CH3 42 -0.13 0.23 0.34 -0.19 

CH2 43 -0.11 0.22 0.32 -0.13 

CH 44 -0.13 0.25 0.35 -0.24 

C 45 0.50 0.71 0.88 0.44 

H 46 -0.28 0.00 -0.08 -0.35 
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Table A.7: Free energies of transition state species on Pt(211) at 633 K, PCH3CH2CH3 of 1 

bar, and PH2 of 1 bar, referenced to gaseous propane, hydrogen, and platinum surface 

slab. 

Pt(211) Free Energy of the Transition State, 

∆𝐺𝑎𝑑𝑠,𝑗
‡

 (eV) 

Chemical Reaction  Reaction 

Number 

PBE-

D3 

BEEF-

vdW 

RPBE SCAN-

rVV10 

CH3CH2CH3 → CH3CHCH3+H 1 0.77 1.80 2.13 0.87 

CH3CH2CH3 → CH3CH2CH2 +H 2 0.92 1.80 2.01 1.07 

CH3CHCH3 → CH3CHCH2+H 3 0.49 1.52 1.83 0.61 

CH3CH2CH2 → CH3CHCH2+H 4 0.54 1.49 1.76 0.65 

CH3CH2CH3 → CH3+CH2CH3 5 2.65 3.75 4.28 3.05 

CH3CHCH3 → CH3CH+CH3 6 1.99 3.01 3.57 2.17 

CH3CHCH3 → CH3CCH3+H 7 0.89 1.93 2.40 0.92 

CH3CH2CH2 → CH3CH2+CH2 8 2.03 2.93 3.39 2.21 

CH3CH2CH2 → CH3+CH2CH2 9 2.12 3.09 3.71 2.27 

CH3CH2CH2 → CH2CH2CH2+H 10 0.71 1.83 2.22 1.17 

CH3CH2CH2 → CH3CH2CH +H 11 1.07 2.06 2.43 0.60 

CH3CH2CH → CH3CH2+CH 12 1.52 2.75 3.15 2.02 

CH3CH2CH → CH3+CH2CH 13 1.82 2.31 2.63 1.68 

CH3CH2CH → CH3CH2C +H 14 0.66 1.42 1.70 0.79 

CH3CH2CH → CH3CHCH+H 15 0.74 1.72 2.08 0.82 

CH3CH2CH → CH2CH2CH+H 16 0.70 1.77 2.13 0.83 

CH2CH2CH2→ CH2+CH2CH2 17 1.32 2.23 2.60 1.55 

CH2CH2CH2→ CH2CH2CH+H 18 1.32 2.30 2.60 1.50 

CH2CH2CH2→ CH2CHCH2+H 19 0.57 1.67 2.14 0.47 

CH3CHCH2 → CH3+CHCH2 20 1.63 2.62 3.12 1.73 

CH3CHCH2 → CH3CH+CH2 21 1.66 2.73 3.23 1.72 

CH3CHCH2 → CH3CCH2+H 22 0.71 1.79 2.22 0.63 

CH3CHCH2 → CH3CHCH+H 23 0.71 1.77 2.21 0.63 

CH3CHCH2 → CH2CHCH2+H 24 0.81 1.90 2.29 0.89 

CH3CCH3 → CH3+CH3C 25 1.34 2.24 2.70 1.43 

CH3CCH3 → CH3CCH2+H 26 1.52 2.45 2.71 1.68 

CH3CH2C  → CH3+CH2C 27 1.40 2.18 3.18 2.06 

CH3CH2C → CH3CH2+C 28 1.64 2.43 2.90 1.72 

CH3CH2C → CH2CH2C+H 29 0.75 1.68 2.05 0.71 

CH3CH2C → CH3CHC+H 30 1.67 2.73 3.13 1.79 

CH2CH2CH → CH2+CH2CH 31 1.29 2.12 2.50 1.50 

CH2CH2CH → CH2CH2+CH 32 1.51 2.40 2.79 1.54 

CH2CH2CH → CH2CH2C+H 33 1.25 2.25 2.49 1.40 

CH2CH2CH → CH2CHCH+H 34 1.45 2.42 2.75 1.54 

CH2CH2CH → CHCH2CH+H 35 1.39 2.38 2.70 1.40 
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CH2CHCH2 → CH2+CH2CH 36 1.50 2.38 2.77 1.55 

CH2CHCH2 → CH2CHCH+H 37 0.64 1.64 1.97 0.68 

CH2CHCH2 → CH2CCH2+H 38 0.56 1.59 2.05 0.50 

CH3CHCH → CH3+CHCH 39 1.76 2.67 3.14 1.87 

CH3CHCH → CH3CH+CH 40 1.62 2.48 2.95 1.76 

CH3CHCH → CH3CHC+H 41 0.61 1.63 2.07 0.59 

CH3CHCH → CH3CCH+H 42 0.83 1.85 2.28 0.88 

CH3CHCH → CH2CHCH+H 43 1.14 2.19 2.58 1.18 

CH3CCH2 → CH3+CH2C 44 1.47 2.41 2.89 1.51 

CH3CCH2 → CH3C+CH2 45 1.46 2.26 2.74 1.47 

CH3CCH2 → CH2CCH2+H 46 0.58 1.54 1.96 0.61 

CH3CCH2 → CH3CCH+H 47 1.02 2.03 2.39 1.07 

CH3CHC → CH3+CHC 48 2.22 3.11 3.56 2.38 

CH3CHC → CH3CH+C 49 1.82 2.47 2.89 1.96 

CH3CHC → CH3CC+H 50 1.10 1.90 2.27 1.27 

CH3CHC → CH2CHC+H 51 1.24 2.14 2.58 1.63 

CH2CH2C → CH2CH2+C 52 1.78 2.47 3.11 2.11 

CH2CH2C → CH2+CH2C 53 1.83 2.62 3.10 2.09 

CH2CH2C → CH2CHC+H 54 1.43 2.40 2.73 1.41 

CH2CH2C → CHCH2C+H 55 1.95 2.97 3.33 2.18 

CHCH2CH→ CH2CH+CH 56 1.88 2.82 3.26 1.98 

CHCH2CH → CHCH2C+H 57 1.22 2.17 2.49 1.15 

CHCH2CH → CHCHCH+H 58 1.44 2.35 2.71 1.46 

CH2CHCH→ CH2+CHCH 59 1.69 2.47 2.84 1.82 

CH2CHCH → CH2CH+CH 60 1.79 2.66 3.06 1.83 

CH2CHCH → CH2CHC+H 61 1.33 2.43 2.89 1.22 

CH2CHCH → CH2CCH+H 62 1.00 1.95 2.29 1.01 

CH2CHCH → CHCHCH+H 63 0.53 1.52 1.85 0.37 

CH2CCH2 → CH2C+CH2 64 1.88 2.67 3.07 1.95 

CH2CCH2 → CH2CCH+H 65 0.79 1.77 2.06 0.84 

CH3CCH→ CH3C+CH 66 1.45 2.23 2.57 1.52 

CH3CCH → CH3+CHC 67 1.43 2.23 2.69 1.49 

CH3CCH → CH3CC+H 68 0.77 1.64 2.10 0.87 

CH3CCH → CH2CCH+H 69 0.48 1.47 1.91 0.51 

CH3CC→ CH3+CC 70 1.46 2.15 2.55 1.67 

CH3CC→ CH3C+C 71 1.73 2.31 2.68 1.87 

CH3CC → CH2CC+H 72 0.41 1.19 1.54 0.56 

CH2CHC→ CH2+CHC 73 2.52 3.28 3.71 2.78 

CH2CHC → CH2CH+C 74 1.95 2.70 3.16 2.08 

CH2CHC → CH2CC+H 75 0.45 1.26 1.62 0.67 

CH2CHC → CHCHC+H 76 0.10 1.03 1.38 0.21 

CHCH2C → CH+CH2C 77 1.89 2.71 3.20 1.93 

CHCH2C → CH2CH+C 78 2.17 2.95 3.35 2.30 
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CHCH2C → CHCHC+H 79 1.05 1.98 2.27 0.89 

CHCH2C → CCH2C+H 80 0.76 1.76 2.12 0.73 

CHCHCH → CH+CHCH 81 1.79 2.58 2.96 1.90 

CHCHCH → CHCHC+H 82 1.15 2.07 2.39 1.10 

CHCHCH → CHCCH+H 83 1.21 2.12 2.43 1.10 

CH2CCH → CH2+CHC 84 2.36 3.13 3.53 2.36 

CH2CCH → CH2C+CH 85 1.72 2.29 2.70 1.99 

CH2CCH → CH2CC+H 86 1.15 1.94 2.38 1.20 

CH2CCH → CHCCH+H 87 1.30 2.11 2.45 1.34 

CH2CC → CH2+CC 88 2.32 2.91 3.30 2.53 

CH2CC → CHC+C 89 1.61 2.27 2.65 1.79 

CH2CC → CHCC+H 90 1.85 2.82 3.15 1.96 

CHCHC→ CH+CHC 91 1.35 2.12 2.53 1.29 

CHCHC→ CHCH+C 92 1.75 2.39 2.82 1.87 

CHCHC→ CHCC+H 93 2.41 3.11 3.45 2.56 

CHCHC→ CCHC+H 94 1.06 1.94 2.57 1.11 

CCH2C → C+CH2C 95 1.84 2.44 2.40 2.06 

CCH2C →CCHC+H 96 2.10 2.84 3.14 2.29 

CHCCH → CH+CCH 97 2.15 2.80 3.19 2.98 

CHCCH → CHCC+H 98 2.34 3.21 3.59 2.57 

CCHC → CHC+C 99 2.32 2.85 3.33 2.47 

CCHC → CCC+H 100 2.12 2.88 3.30 2.29 

CHCC → CH+CC 101 1.92 2.51 2.86 2.16 

CHCC → CHC+C 102 3.08 3.73 4.17 3.09 

CHCC → CCC+H 103 1.90 2.62 3.03 2.10 

CCC → C+CC 104 3.31 3.68 4.14 3.42 

CH4 → CH3+H 105 0.35 1.03 1.04 0.33 

CH3 → CH2+H 106 0.21 0.88 0.88 0.11 

CH2→ CH+H 107 0.41 1.02 1.01 0.28 

CH → C+H 108 0.91 1.35 1.44 0.81 

CH3CH3 → CH3+CH3 109 1.63 2.45 2.73 1.83 

CH3CH3 → CH3CH2+H 110 0.70 1.52 1.69 0.81 

CH3CH2 → CH3+CH2 111 1.21 1.97 2.18 1.31 

CH3CH2 → CH3CH+H 112 0.85 1.70 1.97 0.72 

CH3CH2 →CH2CH2+H 113 0.37 1.21 1.35 0.44 

CH3CH → CH3+CH 114 1.21 1.94 2.12 1.28 

CH3CH → CH3C+H 115 0.50 1.14 1.29 0.54 

CH3CH → CH2CH+H 116 0.60 1.41 1.62 0.49 

CH3C → CH3+C 117 1.44 2.06 2.32 1.56 

CH3C → CH2C+H 118 0.76 1.48 1.67 0.73 

CH2CH2 → CH2+CH2 119 1.33 2.02 2.23 1.41 

CH2CH2 → CH2CH+H 120 0.31 1.06 1.23 0.24 

CH2CH →CH2+CH 121 1.30 2.00 2.20 1.24 
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CH2CH → CH2C+H 122 0.63 1.39 1.60 0.50 

CH2CH → CHCH+H 123 0.74 1.49 1.72 0.64 

CH2C → CH2+C 124 1.73 2.29 2.50 1.65 

CH2C → CHC+H 125 1.37 2.07 2.27 1.34 

CHCH → CH+CH 126 1.62 2.35 1.92 0.96 

CHCH → CHC+H 127 1.02 1.69 1.93 1.01 

CHC → CH+C 128 1.31 1.83 2.08 1.37 

CHC → CC + H 129 0.91 1.47 1.69 1.08 

CC → C+C 130 2.11 2.50 2.70 2.05 
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Table A.8: Free energies of adsorbed species on Pt(100) at 793 K, PCH3CH2CH3 of 1 bar, 

and PH2 of 1 bar. Referenced to gaseous propane, hydrogen, and platinum surface. 

Pt(100) 

Free Energy of Adsorption, ∆𝐺𝑎𝑑𝑠,𝑖 
(eV) 

Adsorbed 

Species 

Adsorption 

Number (ADS #) 

PBE-

D3 

BEEF-

vdW  RPBE  

SCAN-

rVV10  

CH3CH2CH3 1 0.56 0.92 1.60 1.18 

CH3CHCH3 2 0.31 0.69 1.36 0.61 

CH3CH2CH2 3 0.47 0.73 1.29 0.75 

CH3CHCH2 4 0.06 0.34 0.88 0.20 

CH3CH2CH 5 0.06 0.28 0.76 0.14 

CH2CH2CH2 6 0.17 0.52 1.06 0.21 

CH3CCH3 7 -0.12 0.19 0.75 -0.01 

CH3CH2C 8 -0.31 -0.28 0.20 -0.18 

CH2CH2CH 9 0.53 0.70 1.18 0.37 

CH2CHCH2 10 -0.33 -0.19 0.35 -0.42 

CH3CHCH 11 -0.09 0.02 0.50 -0.27 

CH3CCH2 12 -0.02 0.08 0.53 -0.18 

CH3CHC 13 0.15 0.07 0.49 -0.08 

CH2CH2C 14 -0.08 -0.19 0.26 -0.26 

CHCH2CH 15 -0.48 -0.46 0.00 -0.85 

CH2CHCH 16 -0.46 -0.45 0.04 -0.75 

CH2CCH2 17 -0.26 -0.27 0.21 -0.61 

CH3CCH 18 -0.97 -1.05 -0.59 -1.24 

CH3CC 19 -0.67 -1.02 -0.59 -1.05 

CH2CHC 20 -0.23 -0.48 -0.01 -0.65 

CHCHCH 21 0.95 0.78 1.18 0.42 

CHCH2C 22 -0.27 -0.46 -0.04 -0.81 

CH2CCH 23 -0.50 -0.64 -0.22 -0.98 

CH2CC 24 -0.50 -0.97 -0.55 -1.14 

CHCHC 25 -0.42 -0.83 -0.41 -1.10 

CCH2C 26 0.90 0.51 0.86 0.23 

CHCCH 27 -0.42 -0.78 -0.38 -0.94 

CCHC 28 1.03 0.30 0.68 0.78 

CHCC 29 0.12 -0.49 -0.09 -0.54 

CCC 30 1.13 0.15 0.52 0.67 

CH3CH3 31 0.30 0.72 1.05 0.86 

CH3CH2 32 0.19 0.49 0.85 0.45 

CH3CH 33 -0.10 0.08 0.42 -0.05 

CH3C 34 -0.49 -0.55 -0.24 -0.40 

CH2CH2 35 -0.10 0.10 0.46 -0.03 

CH2CH 36 -0.17 -0.13 0.19 -0.32 

CH2C 37 -0.18 -0.43 -0.14 -0.45 
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CHCH 38 -0.94 -1.10 -0.83 -1.23 

CHC 39 -0.57 -0.99 -0.73 -0.99 

CC 40 0.12 -0.54 -0.27 -0.38 

CH4 41 -0.06 0.22 0.41 0.43 

CH3 42 0.00 0.22 0.42 0.21 

CH2 43 -0.06 0.02 0.18 -0.06 

CH 44 -0.40 -0.54 -0.43 -0.32 

C 45 -0.34 -0.77 -0.64 -0.30 

H 46 -0.20 0.05 0.01 -0.11 
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Table A.9: Free energies of the transition state species on Pt(100) at 793 K, PCH3CH2CH3 of 

1 bar, and PH2 of 1 bar. Referenced to gaseous propane, hydrogen, and platinum surface. 

Pt(100) Free Energy of the Transition State, 

∆𝐺𝑎𝑑𝑠,𝑗
‡

 (eV) 

Chemical Reaction  Reaction 

Number 

PBE-

D3 

BEEF-

vdW 

RPBE SCAN-

rVV10 

CH3CH2CH3 → 

CH3CHCH3+H 1 

0.99 1.70 2.18 1.33 

CH3CH2CH3 → CH3CH2CH2 

+H 2 

1.05 1.81 2.18 1.48 

CH3CHCH3 → CH3CHCH2+H 3 0.67 1.39 1.84 1.08 

CH3CH2CH2 → 

CH3CHCH2+H 4 

0.77 1.39 1.80 1.08 

CH3CH2CH3 → CH3+CH2CH3 5 2.78 3.74 4.17 3.24 

CH3CHCH3 → CH3CH+CH3 6 1.62 2.26 2.80 1.94 

CH3CHCH3 → CH3CCH3+H 7 0.62 1.27 1.74 0.73 

CH3CH2CH2 → CH3CH2+CH2 8 1.68 2.28 2.74 1.98 

CH3CH2CH2 → CH3+CH2CH2 9 2.73 3.54 3.95 2.94 

CH3CH2CH2 → 

CH2CH2CH2+H 10 

0.89 1.66 2.11 1.11 

CH3CH2CH2 → CH3CH2CH 

+H 11 

0.74 1.37 1.75 0.90 

CH3CH2CH → CH3CH2+CH 12 1.50 1.95 2.38 1.52 

CH3CH2CH → CH3+CH2CH 13 1.80 2.31 2.81 1.92 

CH3CH2CH → CH3CH2C +H 14 0.59 0.74 1.12 0.54 

CH3CH2CH → CH3CHCH+H 15 0.39 1.16 1.56 0.70 

CH3CH2CH → CH2CH2CH+H 16 0.81 1.41 1.82 0.83 

CH2CH2CH2→ CH2+CH2CH2 17 1.53 1.97 2.47 1.59 

CH2CH2CH2→ 

CH2CH2CH+H 18 

0.63 1.24 1.66 0.55 

CH2CH2CH2→ 

CH2CHCH2+H 19 

0.77 1.32 1.81 0.83 

CH3CHCH2 → CH3+CHCH2 20 1.24 1.71 2.21 1.33 

CH3CHCH2 → CH3CH+CH2 21 1.23 1.80 2.27 1.34 

CH3CHCH2 → CH3CCH2+H 22 0.47 1.01 1.46 0.45 

CH3CHCH2 → CH3CHCH+H 23 0.41 0.92 1.34 0.43 

CH3CHCH2 → CH2CHCH2+H 24 0.48 1.04 1.50 0.58 

CH3CCH3 → CH3+CH3C 25 1.39 1.85 2.34 1.41 

CH3CCH3 → CH3CCH2+H 26 0.81 1.37 1.74 0.84 

CH3CH2C  → CH3+CH2C 27 1.63 1.79 2.25 1.73 

CH3CH2C → CH3CH2+C 28 1.19 1.30 1.74 1.38 

CH3CH2C → CH2CH2C+H 29 0.61 0.90 1.26 0.53 

CH3CH2C → CH3CHC+H 30 0.48 0.65 1.02 0.38 
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CH2CH2CH → CH2+CH2CH 31 1.47 1.77 2.26 1.35 

CH2CH2CH → CH2CH2+CH 32 1.73 1.95 2.42 1.61 

CH2CH2CH → CH2CH2C+H 33 0.90 1.19 1.56 0.87 

CH2CH2CH → CH2CHCH+H 34 1.34 1.83 2.21 1.15 

CH2CH2CH → CHCH2CH+H 35 0.61 1.07 1.45 0.37 

CH2CHCH2 → CH2+CH2CH 36 1.09 1.45 1.92 0.98 

CH2CHCH2 → CH2CHCH+H 37 0.63 1.05 1.49 0.51 

CH2CHCH2 → CH2CCH2+H 38 0.28 0.66 1.09 0.06 

CH3CHCH → CH3+CHCH 39 0.80 1.13 1.56 0.72 

CH3CHCH → CH3CH+CH 40 1.36 1.57 1.98 1.32 

CH3CHCH → CH3CHC+H 41 0.61 0.86 1.22 0.54 

CH3CHCH → CH3CCH+H 42 0.05 0.43 0.81 -0.12 

CH3CHCH → CH2CHCH+H 43 0.36 0.81 1.20 0.15 

CH3CCH2 → CH3+CH2C 44 0.70 1.01 1.42 0.45 

CH3CCH2 → CH3C+CH2 45 1.08 1.46 1.83 0.94 

CH3CCH2 → CH2CCH2+H 46 1.11 1.46 1.88 1.16 

CH3CCH2 → CH3CCH+H 47 0.31 0.59 0.96 0.27 

CH3CHC → CH3+CHC 48 1.18 1.22 1.64 0.97 

CH3CHC → CH3CH+C 49 1.23 1.03 1.44 1.02 

CH3CHC → CH3CC+H 50 0.66 0.73 1.06 0.46 

CH3CHC → CH2CHC+H 51 1.13 1.22 1.64 1.06 

CH2CH2C → CH2CH2+C 52 0.97 0.84 1.28 0.92 

CH2CH2C → CH2+CH2C 53 1.35 1.37 1.83 1.32 

CH2CH2C → CH2CHC+H 54 0.46 0.60 0.97 0.07 

CH2CH2C → CHCH2C+H 55 1.26 1.35 1.71 1.10 

CHCH2CH→ CH2CH+CH 56 1.26 1.35 1.78 0.88 

CHCH2CH → CHCH2C+H 57 2.58 2.59 2.93 2.43 

CHCH2CH → CHCHCH+H 58 1.91 1.92 2.31 1.71 

CH2CHCH→ CH2+CHCH 59 0.87 0.98 1.42 0.55 

CH2CHCH → CH2CH+CH 60 1.38 1.53 1.95 1.06 

CH2CHCH → CH2CHC+H 61 0.41 0.57 0.98 0.08 

CH2CHCH → CH2CCH+H 62 -0.29 -0.06 0.31 -0.66 

CH2CHCH → CHCHCH+H 63 0.69 0.93 1.30 0.35 

CH2CCH2 → CH2C+CH2 64 1.49 1.38 1.84 1.10 

CH2CCH2 → CH2CCH+H 65 0.61 0.75 1.13 0.47 

CH3CCH→ CH3C+CH 66 0.37 0.38 0.78 0.07 

CH3CCH → CH3+CHC 67 0.48 0.51 0.92 0.14 

CH3CCH → CH3CC+H 68 -0.03 0.02 0.38 -0.36 

CH3CCH → CH2CCH+H 69 -0.23 -0.03 0.34 -0.57 

CH3CC→ CH3+CC 70 1.12 0.92 1.31 0.67 

CH3CC→ CH3C+C 71 0.72 0.44 0.83 0.27 

CH3CC → CH2CC+H 72 0.23 0.16 0.51 -0.32 

CH2CHC→ CH2+CHC 73 1.44 1.36 1.78 1.04 
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CH2CHC → CH2CH+C 74 1.60 1.32 1.72 1.23 

CH2CHC → CH2CC+H 75 1.29 1.21 1.60 0.84 

CH2CHC → CHCHC+H 76 1.18 1.11 1.45 0.76 

CHCH2C → CH+CH2C 77 1.44 1.86 2.26 1.79 

CHCH2C → CH2CH+C 78 1.51 1.22 1.62 1.01 

CHCH2C → CHCHC+H 79 1.51 1.44 1.76 1.22 

CHCH2C → CCH2C+H 80 0.63 0.63 0.93 0.09 

CHCHCH → CH+CHCH 81 1.32 1.23 1.57 0.66 

CHCHCH → CHCHC+H 82 2.03 2.00 2.36 1.75 

CHCHCH → CHCCH+H 83 1.14 1.13 1.47 0.61 

CH2CCH → CH2+CHC 84 1.38 1.28 1.65 0.99 

CH2CCH → CH2C+CH 85 1.35 1.19 1.60 0.91 

CH2CCH → CH2CC+H 86 1.60 1.46 1.86 1.30 

CH2CCH → CHCCH+H 87 1.35 1.28 1.67 1.24 

CH2CC → CH2+CC 88 0.96 0.56 0.97 0.50 

CH2CC → CHC+C 89 2.26 1.72 2.06 1.71 

CH2CC → CHCC+H 90 0.83 0.61 0.94 0.35 

CHCHC→ CH+CHC 91 2.02 1.62 2.03 1.55 

CHCHC→ CHCH+C 92 1.87 1.30 1.70 1.59 

CHCHC→ CHCC+H 93 1.10 0.84 1.20 0.44 

CHCHC→ CCHC+H 94 2.26 1.86 2.19 1.84 

CCH2C → C+CH2C 95 1.92 1.33 1.72 1.56 

CCH2C →CCHC+H 96 2.29 1.94 2.26 1.86 

CHCCH → CH+CCH 97 0.98 0.66 0.99 0.53 

CHCCH → CHCC+H 98 2.03 1.63 2.03 1.68 

CCHC → CHC+C 99 1.47 0.90 1.23 1.01 

CCHC → CCC+H 100 2.51 2.01 2.35 1.98 

CHCC → CH+CC 101 1.51 0.92 1.28 1.01 

CHCC → CHC+C 102 1.39 0.77 1.09 0.98 

CHCC → CCC+H 103 1.50 0.98 1.34 0.87 

CCC → C+CC 104 2.10 1.22 1.58 1.37 

CH4 → CH3+H 105 0.56 1.20 1.30 0.94 

CH3 → CH2+H 106 0.38 0.89 0.97 0.45 

CH2→ CH+H 107 0.42 0.68 0.73 0.48 

CH → C+H 108 0.49 0.47 0.51 0.59 

CH3CH3 → CH3+CH3 109 2.24 2.99 3.33 2.73 

CH3CH3 → CH3CH2+H 110 0.76 1.51 1.78 1.19 

CH3CH2 → CH3+CH2 111 1.42 1.98 2.29 1.69 

CH3CH2 → CH3CH+H 112 0.52 1.12 1.38 0.66 

CH3CH2 →CH2CH2+H 113 0.64 1.16 1.47 0.91 

CH3CH → CH3+CH 114 1.56 1.96 2.21 1.60 

CH3CH → CH3C+H 115 0.26 0.59 0.81 0.34 

CH3CH → CH2CH+H 116 0.56 1.06 1.28 0.55 
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CH3C → CH3+C 117 1.01 1.01 1.27 1.15 

CH3C → CH2C+H 118 0.44 0.58 0.78 0.40 

CH2CH2 → CH2+CH2 119 1.52 1.87 2.20 1.59 

CH2CH2 → CH2CH+H 120 0.38 0.83 1.08 0.33 

CH2CH →CH2+CH 121 0.89 1.13 1.36 0.60 

CH2CH → CH2C+H 122 0.61 0.26 0.98 0.50 

CH2CH → CHCH+H 123 0.09 0.78 0.60 -0.11 

CH2C → CH2+C 124 1.26 1.07 1.29 1.00 

CH2C → CHC+H 125 0.10 0.11 0.29 -0.26 

CHCH → CH+CH 126 0.55 0.51 0.73 0.20 

CHCH → CHC+H 127 0.03 0.03 0.20 -0.33 

CHC → CH+C 128 1.75 1.48 1.69 1.25 

CHC → CC + H 129 0.61 0.37 0.56 0.15 

CC → C+C 130 1.50 0.90 1.12 0.94 
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Table A.10: Free energies of adsorbed species on Pt(111) at 793 K, PCH3CH2CH3 of 1 bar, 

and PH2 of 1 bar. Referenced to gaseous propane, hydrogen, and platinum surface. 

Pt(111) Free Energy of Adsorption, ∆𝐺𝑎𝑑𝑠,𝑖 (eV) 

Adsorbed Species 

Adsorption 

Number (ADS #) 

PBE-

D3 

BEEF-vdW RPBE SCAN-

rVV10 

CH3CH2CH3 1 0.48 1.00 1.50 0.93 

CH3CHCH3 2 0.40 0.92 1.52 0.56 

CH3CH2CH2 3 0.53 0.96 1.44 0.64 

CH3CHCH2 4 0.16 0.55 1.13 0.07 

CH3CH2CH 5 0.49 0.76 1.27 0.42 

CH2CH2CH2 6 0.35 0.79 1.37 0.19 

CH3CCH3 7 0.13 0.49 1.07 0.05 

CH3CH2C 8 -0.38 -0.32 0.15 -0.58 

CH2CH2CH 9 0.57 0.80 1.33 0.22 

CH2CHCH2 10 0.27 0.51 1.09 -0.01 

CH3CHCH 11 0.21 0.39 0.92 -0.08 

CH3CCH2 12 0.08 0.27 0.81 -0.25 

CH3CHC 13 -0.03 -0.05 0.42 -0.43 

CH2CH2C 14 0.24 0.26 0.72 -0.20 

CHCH2CH 15 0.25 0.33 0.87 -0.23 

CH2CHCH 16 1.09 1.18 1.67 0.28 

CH2CCH2 17 0.27 0.29 0.81 -0.22 

CH3CCH 18 0.03 0.01 0.48 -0.39 

CH3CC 19 0.51 0.27 0.68 0.00 

CH2CHC 20 0.50 0.35 0.84 -0.11 

CHCHCH 21 0.23 0.30 0.62 -0.52 

CHCH2C 22 1.50 1.27 1.74 0.93 

CH2CCH 23 0.13 0.00 0.49 -0.58 

CH2CC 24 0.56 0.29 0.73 -0.30 

CHCHC 25 0.68 0.24 0.68 0.04 

CCH2C 26 1.02 0.55 0.98 0.34 

CHCCH 27 0.39 0.11 0.55 -0.45 

CCHC 28 0.89 0.32 0.74 -0.08 

CHCC 29 1.25 0.65 1.08 0.37 

CCC 30 1.88 1.05 1.51 0.95 

CH3CH3 31 0.27 0.73 1.07 0.68 

CH3CH2 32 0.26 0.64 1.02 0.37 

CH3CH 33 0.30 0.52 0.88 0.19 

CH3C 34 -0.45 -0.47 -0.17 -0.66 

CH2CH2 35 0.09 0.37 0.75 -0.03 

CH2CH 36 0.13 0.23 0.57 -0.23 

CH2C 37 -0.16 -0.23 0.06 -0.74 
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CHCH 38 0.07 0.00 0.30 -0.48 

CHC 39 0.74 0.43 0.70 0.13 

CC 40 1.36 0.90 1.15 0.59 

CH4 41 -0.15 0.19 0.35 0.21 

CH3 42 0.17 0.48 0.69 0.22 

CH2 43 0.35 0.48 0.65 0.19 

CH 44 -0.29 -0.38 -0.26 -0.61 

C 45 0.32 0.07 0.19 -0.08 

H 46 -0.04 0.27 0.14 -0.06 
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Table A.11: Free energies of Transition State Species on Pt(111) at 793 K, PCH3CH2CH3 of 

1 bar, and PH2 of 1 bar. Referenced to gaseous propane, hydrogen, and platinum surface. 

Pt(111) Free Energy of the Transition State, 

∆𝐺𝑎𝑑𝑠,𝑗
‡

 (eV) 

Chemical Reaction  Reaction 

Number 

PBE-

D3 

BEEF-

vdW 

RPBE SCAN-

rVV10 

CH3CH2CH3 → 

CH3CHCH3+H 1 

1.29 2.22 2.73 1.63 

CH3CH2CH3 → CH3CH2CH2 

+H 2 

1.23 2.05 2.42 1.51 

CH3CHCH3 → 

CH3CHCH2+H 3 

1.03 1.83 2.32 1.10 

CH3CH2CH2 → 

CH3CHCH2+H 4 

1.09 1.86 2.32 1.10 

CH3CH2CH3 → 

CH3+CH2CH3 5 

2.93 3.74 4.21 3.25 

CH3CHCH3 → CH3CH+CH3 6 2.24 2.95 3.52 2.43 

CH3CHCH3 → CH3CCH3+H 7 1.01 1.76 2.27 0.99 

CH3CH2CH2 → 

CH3CH2+CH2 8 

2.41 3.01 3.49 2.54 

CH3CH2CH2 → 

CH3+CH2CH2 9 

2.76 3.55 4.11 2.89 

CH3CH2CH2 → 

CH2CH2CH2+H 10 

1.18 2.06 2.55 1.19 

CH3CH2CH2 → CH3CH2CH 

+H 11 

1.20 1.85 2.26 1.18 

CH3CH2CH → CH3CH2+CH 12 2.77 3.37 3.89 2.75 

CH3CH2CH → CH3+CH2CH 13 2.64 3.18 3.70 2.60 

CH3CH2CH → CH3CH2C +H 14 0.87 1.36 1.78 0.82 

CH3CH2CH → CH3CHCH+H 15 1.02 1.62 2.07 0.86 

CH3CH2CH → 

CH2CH2CH+H 16 

1.24 1.92 2.36 1.07 

CH2CH2CH2→ 

CH2+CH2CH2 17 

1.64 2.25 2.80 1.54 

CH2CH2CH2→ 

CH2CH2CH+H 18 

1.16 1.82 2.29 0.88 

CH2CH2CH2→ 

CH2CHCH2+H 19 

0.81 1.47 1.99 0.61 

CH3CHCH2 → CH3+CHCH2 20 1.89 2.47 3.01 1.84 

CH3CHCH2 → CH3CH+CH2 21 2.05 2.58 3.12 2.03 

CH3CHCH2 → CH3CCH2+H 22 0.91 1.56 2.03 0.71 

CH3CHCH2 → CH3CHCH+H 23 0.90 1.50 1.98 0.67 

CH3CHCH2 → 

CH2CHCH2+H 24 

0.86 1.49 2.02 0.79 
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CH3CCH3 → CH3+CH3C 25 1.72 2.25 2.79 1.64 

CH3CCH3 → CH3CCH2+H 26 1.09 1.62 2.08 1.09 

CH3CH2C  → CH3+CH2C 27 1.87 2.14 2.63 1.52 

CH3CH2C → CH3CH2+C 28 1.54 1.89 2.34 1.14 

CH3CH2C → CH2CH2C+H 29 1.02 1.45 1.86 0.76 

CH3CH2C → CH3CHC+H 30 1.03 1.50 1.88 0.69 

CH2CH2CH → CH2+CH2CH 31 2.02 2.40 2.92 1.74 

CH2CH2CH → CH2CH2+CH 32 1.76 2.12 2.62 1.52 

CH2CH2CH → CH2CH2C+H 33 1.07 1.49 1.92 0.71 

CH2CH2CH → CH2CHCH+H 34 1.23 1.73 2.19 0.84 

CH2CH2CH → CHCH2CH+H 35 1.68 2.13 2.57 1.35 

CH2CHCH2 → CH2+CH2CH 36 1.95 2.33 2.86 1.76 

CH2CHCH2 → CH2CHCH+H 37 0.87 1.36 1.83 0.41 

CH2CHCH2 → CH2CCH2+H 38 1.22 1.68 2.14 0.82 

CH3CHCH → CH3+CHCH 39 2.00 2.42 2.92 1.68 

CH3CHCH → CH3CH+CH 40 1.64 1.88 2.36 1.34 

CH3CHCH → CH3CHC+H 41 0.73 1.13 1.54 0.44 

CH3CHCH → CH3CCH+H 42 0.83 1.23 1.67 0.53 

CH3CHCH → CH2CHCH+H 43 1.04 1.54 1.98 0.65 

CH3CCH2 → CH3+CH2C 44 1.83 2.19 2.69 1.50 

CH3CCH2 → CH3C+CH2 45 1.60 1.89 2.38 1.34 

CH3CCH2 → CH2CCH2+H 46 0.95 1.17 1.60 0.33 

CH3CCH2 → CH3CCH+H 47 0.81 1.52 1.99 0.63 

CH3CHC → CH3+CHC 48 2.35 2.56 3.02 1.93 

CH3CHC → CH3CH+C 49 1.89 1.84 2.31 1.49 

CH3CHC → CH3CC+H 50 1.13 1.26 1.64 0.73 

CH3CHC → CH2CHC+H 51 1.01 1.33 1.71 0.52 

CH2CH2C → CH2CH2+C 52 1.76 1.74 2.23 1.24 

CH2CH2C → CH2+CH2C 53 1.62 1.78 2.21 1.22 

CH2CH2C → CH2CHC+H 54 1.71 1.99 2.37 1.22 

CH2CH2C → CHCH2C+H 55 1.91 2.16 2.55 1.44 

CHCH2CH→ CH2CH+CH 56 1.91 2.01 2.49 1.43 

CHCH2CH → CHCH2C+H 57 2.02 2.27 2.67 1.51 

CHCH2CH → CHCHCH+H 58 1.44 1.80 2.17 0.81 

CH2CHCH→ CH2+CHCH 59 1.81 1.92 2.43 1.45 

CH2CHCH → CH2CH+CH 60 1.90 2.05 2.53 1.55 

CH2CHCH → CH2CHC+H 61 1.52 1.73 2.17 1.01 

CH2CHCH → CH2CCH+H 62 0.98 1.28 1.71 0.38 

CH2CHCH → CHCHCH+H 63 1.10 1.42 1.84 0.41 

CH2CCH2 → CH2C+CH2 64 2.04 2.16 2.66 1.62 

CH2CCH2 → CH2CCH+H 65 1.84 1.98 2.41 1.58 

CH3CCH→ CH3C+CH 66 1.49 1.63 2.08 0.96 

CH3CCH → CH3+CHC 67 1.89 2.01 2.46 1.44 
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CH3CCH → CH3CC+H 68 1.35 1.47 1.84 0.99 

CH3CCH → CH2CCH+H 69 0.93 1.21 1.62 0.33 

CH3CC→ CH3+CC 70 3.07 2.98 3.44 2.35 

CH3CC→ CH3C+C 71 1.44 1.29 1.68 0.79 

CH3CC → CH2CC+H 72 1.27 1.23 1.61 0.75 

CH2CHC→ CH2+CHC 73 2.23 2.17 2.64 1.69 

CH2CHC → CH2CH+C 74 1.83 1.61 2.08 1.37 

CH2CHC → CH2CC+H 75 1.65 1.73 2.14 0.85 

CH2CHC → CHCHC+H 76 1.34 1.29 1.68 0.80 

CHCH2C → CH+CH2C 77 1.82 1.63 2.10 1.28 

CHCH2C → CH2CH+C 78 2.19 2.09 2.56 1.59 

CHCH2C → CHCHC+H 79 2.25 2.23 2.63 1.65 

CHCH2C → CCH2C+H 80 2.17 2.03 2.42 1.57 

CHCHCH → CH+CHCH 81 1.26 1.21 1.65 0.65 

CHCHCH → CHCHC+H 82 0.79 0.96 1.31 0.04 

CHCHCH → CHCCH+H 83 1.89 2.02 2.41 1.14 

CH2CCH → CH2+CHC 84 2.45 2.38 2.84 1.90 

CH2CCH → CH2C+CH 85 1.55 1.52 1.94 0.82 

CH2CCH → CH2CC+H 86 1.57 1.65 2.06 0.75 

CH2CCH → CHCCH+H 87 1.62 1.71 2.08 0.75 

CH2CC → CH2+CC 88 2.97 2.63 3.12 2.12 

CH2CC → CHC+C 89 2.09 1.72 2.15 1.33 

CH2CC → CHCC+H 90 1.99 1.83 2.24 1.26 

CHCHC→ CH+CHC 91 1.55 1.35 1.76 0.65 

CHCHC→ CHCH+C 92 2.70 2.28 2.73 2.07 

CHCHC→ CHCC+H 93 2.43 2.10 2.49 1.89 

CHCHC→ CCHC+H 94 2.17 1.95 2.36 1.51 

CCH2C → C+CH2C 95 1.69 1.34 1.78 1.01 

CCH2C →CCHC+H 96 2.42 2.13 2.47 1.77 

CHCCH → CH+CCH 97 2.01 1.78 2.18 1.24 

CHCCH → CHCC+H 98 1.77 1.56 1.95 0.97 

CCHC → CHC+C 99 2.16 1.66 2.08 1.34 

CCHC → CCC+H 100 2.92 2.50 2.87 2.02 

CHCC → CH+CC 101 2.69 2.14 2.52 1.72 

CHCC → CHC+C 102 2.61 2.10 2.50 1.79 

CHCC → CCC+H 103 2.85 2.40 2.75 2.08 

CCC → C+CC 104 3.22 2.44 2.85 2.21 

CH4 → CH3+H 105 0.88 1.64 1.75 0.86 

CH3 → CH2+H 106 0.95 1.50 1.60 0.73 

CH2→ CH+H 107 0.49 0.88 0.93 0.20 

CH → C+H 108 0.91 1.14 1.17 0.52 

CH3CH3 → CH3+CH3 109 3.15 4.16 4.45 1.10 

CH3CH3 → CH3CH2+H 110 1.07 1.94 2.23 0.85 
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CH3CH2 → CH3+CH2 111 1.96 2.57 2.92 0.20 

CH3CH2 → CH3CH+H 112 1.04 1.70 1.99 0.40 

CH3CH2 →CH2CH2+H 113 1.09 1.71 2.01 3.50 

CH3CH → CH3+CH 114 1.66 2.07 2.38 1.35 

CH3CH → CH3C+H 115 0.69 1.07 1.32 2.08 

CH3CH → CH2CH+H 116 0.92 1.43 1.68 1.00 

CH3C → CH3+C 117 1.58 1.77 2.05 1.25 

CH3C → CH2C+H 118 0.82 1.12 1.35 1.62 

CH2CH2 → CH2+CH2 119 2.06 2.50 2.83 0.58 

CH2CH2 → CH2CH+H 120 0.89 1.43 1.70 0.69 

CH2CH →CH2+CH 121 1.80 2.07 2.36 1.29 

CH2CH → CH2C+H 122 0.58 0.94 1.17 0.43 

CH2CH → CHCH+H 123 0.86 1.23 1.46 2.00 

CH2C → CH2+C 124 1.89 1.86 2.12 0.62 

CH2C → CHC+H 125 1.13 1.25 1.48 1.35 

CHCH → CH+CH 126 1.51 1.58 1.81 0.07 

CHCH → CHC+H 127 1.35 1.45 1.68 0.42 

CHC → CH+C 128 1.89 1.67 1.89 1.35 

CHC → CC + H 129 2.29 1.31 2.31 0.56 

CC → C+C 130 2.65 2.15 2.39 0.82 
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Table A.12: Free energies of adsorbed species on Pt(211) at 793 K, PCH3CH2CH3 of 1 bar, 

and PH2 of 1 bar. Referenced to gaseous propane, hydrogen, and platinum surface. 

Pt(211) Free Energy of Adsorption, ∆𝐺𝑎𝑑𝑠,𝑖 
(eV) 

Adsorbed Species 

Adsorption 

Number (ADS #) 

PBE-

D3 

BEEF-

vdW 

RPBE SCAN-

rVV10 

CH3CH2CH3 1 0.43 1.23 1.83 0.89 

CH3CHCH3 2 0.35 1.06 1.71 0.44 

CH3CH2CH2 3 0.50 1.08 1.56 0.50 

CH3CHCH2 4 0.04 0.54 1.04 0.07 

CH3CH2CH 5 0.29 0.63 1.03 0.28 

CH2CH2CH2 6 0.33 0.85 1.28 0.25 

CH3CCH3 7 -0.13 0.48 0.98 -0.21 

CH3CH2C 8 -0.28 0.00 0.48 -0.52 

CH2CH2CH 9 0.39 0.73 1.14 0.18 

CH2CHCH2 10 -0.33 0.03 0.47 -0.59 

CH3CHCH 11 0.18 0.57 1.10 -0.16 

CH3CCH2 12 0.01 0.40 0.92 -0.35 

CH3CHC 13 -0.09 0.02 0.48 -0.40 

CH2CH2C 14 0.07 0.25 0.69 -0.34 

CHCH2CH 15 -0.36 -0.14 0.31 -0.87 

CH2CHCH 16 0.26 0.42 0.87 -0.26 

CH2CCH2 17 -0.15 0.03 0.47 -0.66 

CH3CCH 18 -0.39 -0.05 0.52 -0.77 

CH3CC 19 -0.62 -0.71 -0.25 -1.02 

CH2CHC 20 -0.25 -0.21 0.27 -0.73 

CHCHCH 21 -0.48 -0.38 0.08 -1.08 

CHCH2C 22 -0.21 -0.04 0.51 -0.76 

CH2CCH 23 -0.18 -0.10 0.44 -0.66 

CH2CC 24 -0.40 -0.67 -0.23 -0.94 

CHCHC 25 -0.71 -0.87 -0.42 -1.37 

CCH2C 26 0.98 0.72 1.06 0.40 

CHCCH 27 0.60 0.50 0.96 0.00 

CCHC 28 0.88 0.51 0.89 0.01 

CHCC 29 0.17 -0.26 0.15 -0.43 

CCC 30 0.82 0.23 0.72 0.02 

CH3CH3 31 0.33 0.99 1.25 0.56 

CH3CH2 32 0.18 0.67 0.97 0.25 

CH3CH 33 -0.15 0.17 0.47 -0.17 

CH3C 34 -0.47 -0.35 -0.11 -0.67 

CH2CH2 35 -0.22 0.17 0.42 -0.30 

CH2CH 36 0.13 0.39 0.69 -0.27 

CH2C 37 -0.09 -0.10 0.19 -0.52 
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CHCH 38 -0.22 -0.02 0.32 -0.59 

CHC 39 -0.53 -0.69 -0.41 -0.94 

CC 40 0.10 -0.28 0.01 -0.39 

CH4 41 0.00 0.48 0.59 0.21 

CH3 42 -0.07 0.35 0.47 -0.05 

CH2 43 -0.09 0.16 0.27 -0.17 

CH 44 -0.20 -0.04 0.06 -0.53 

C 45 0.31 0.18 0.34 -0.10 

H 46 -0.17 0.25 0.17 -0.10 
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Table A.13: Free energies of transition state species on Pt(211) at 793 K, PCH3CH2CH3 of 1 

bar, and PH2 of 1 bar. Referenced to gaseous propane, hydrogen, and platinum surface. 

Pt(211) Free Energy of the Transition State, 

∆𝐺𝑎𝑑𝑠,𝑗
‡

 (eV) 

Chemical Reaction  Reaction 

Number 

PBE-

D3 

BEEF-

vdW 

RPBE SCAN-

rVV10 

CH3CH2CH3 → CH3CHCH3+H 1 1.02 2.08 2.45 1.19 

CH3CH2CH3 → CH3CH2CH2 +H 2 1.19 2.10 2.34 1.41 

CH3CHCH3 → CH3CHCH2+H 3 0.66 1.58 1.92 0.70 

CH3CH2CH2 → CH3CHCH2+H 4 0.71 1.55 1.85 0.75 

CH3CH2CH3 → CH3+CH2CH3 5 2.93 4.06 4.63 3.39 

CH3CHCH3 → CH3CH+CH3 6 2.16 3.07 3.66 2.27 

CH3CHCH3 → CH3CCH3+H 7 1.06 1.99 2.50 1.02 

CH3CH2CH2 → CH3CH2+CH2 8 2.21 3.00 3.50 2.31 

CH3CH2CH2 → CH3+CH2CH2 9 2.32 3.18 3.83 2.39 

CH3CH2CH2 → CH2CH2CH2+H 10 0.93 1.94 2.36 1.31 

CH3CH2CH2 → CH3CH2CH +H 11 1.24 2.12 2.52 0.70 

CH3CH2CH → CH3CH2+CH 12 1.59 2.59 3.01 1.88 

CH3CH2CH → CH3+CH2CH 13 1.89 2.15 2.49 1.54 

CH3CH2CH → CH3CH2C +H 14 0.72 1.24 1.55 0.64 

CH3CH2CH → CH3CHCH+H 15 0.82 1.56 1.95 0.69 

CH3CH2CH → CH2CH2CH+H 16 0.81 1.64 2.03 0.73 

CH2CH2CH2→ CH2+CH2CH2 17 1.41 2.08 2.48 1.43 

CH2CH2CH2→ CH2CH2CH+H 18 1.40 2.14 2.47 1.37 

CH2CH2CH2→ CH2CHCH2+H 19 0.66 1.52 2.02 0.35 

CH3CHCH2 → CH3+CHCH2 20 1.68 2.44 2.96 1.57 

CH3CHCH2 → CH3CH+CH2 21 1.75 2.58 3.11 1.60 

CH3CHCH2 → CH3CCH2+H 22 0.81 1.65 2.11 0.52 

CH3CHCH2 → CH3CHCH+H 23 0.80 1.63 2.09 0.51 

CH3CHCH2 → CH2CHCH2+H 24 0.90 1.75 2.17 0.77 

CH3CCH3 → CH3+CH3C 25 1.42 2.08 2.57 1.30 

CH3CCH3 → CH3CCH2+H 26 1.54 2.23 2.52 1.49 

CH3CH2C  → CH3+CH2C 27 1.37 1.77 2.79 1.68 

CH3CH2C → CH3CH2+C 28 1.60 2.02 2.51 1.32 

CH3CH2C → CH2CH2C+H 29 0.69 1.24 1.63 0.29 

CH3CH2C → CH3CHC+H 30 1.66 2.34 2.76 1.43 

CH2CH2CH → CH2+CH2CH 31 1.28 1.74 2.13 1.14 

CH2CH2CH → CH2CH2+CH 32 1.51 2.03 2.43 1.18 

CH2CH2CH → CH2CH2C+H 33 1.22 1.84 2.11 1.02 

CH2CH2CH → CH2CHCH+H 34 1.44 2.04 2.39 1.17 

CH2CH2CH → CHCH2CH+H 35 1.40 2.02 2.36 1.06 

CH2CHCH2 → CH2+CH2CH 36 1.49 2.00 2.40 1.19 

CH2CHCH2 → CH2CHCH+H 37 0.62 1.24 1.60 0.30 
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CH2CHCH2 → CH2CCH2+H 38 0.55 1.20 1.69 0.13 

CH3CHCH → CH3+CHCH 39 1.75 2.28 2.78 1.51 

CH3CHCH → CH3CH+CH 40 1.60 2.08 2.57 1.38 

CH3CHCH → CH3CHC+H 41 0.59 1.24 1.69 0.22 

CH3CHCH → CH3CCH+H 42 0.79 1.43 1.89 0.49 

CH3CHCH → CH2CHCH+H 43 1.14 1.81 2.23 0.82 

CH3CCH2 → CH3+CH2C 44 1.46 2.02 2.52 1.15 

CH3CCH2 → CH3C+CH2 45 1.42 1.85 2.34 1.07 

CH3CCH2 → CH2CCH2+H 46 0.55 1.14 1.57 0.22 

CH3CCH2 → CH3CCH+H 47 1.01 1.64 2.02 0.70 

CH3CHC → CH3+CHC 48 2.09 2.47 2.93 1.75 

CH3CHC → CH3CH+C 49 1.68 1.82 2.25 1.32 

CH3CHC → CH3CC+H 50 0.96 1.25 1.63 0.63 

CH3CHC → CH2CHC+H 51 1.12 1.51 1.96 1.01 

CH2CH2C → CH2CH2+C 52 1.66 1.84 2.49 1.49 

CH2CH2C → CH2+CH2C 53 1.70 1.98 2.47 1.46 

CH2CH2C → CH2CHC+H 54 1.32 1.78 2.12 0.80 

CH2CH2C → CHCH2C+H 55 1.83 2.34 2.71 1.56 

CHCH2CH→ CH2CH+CH 56 1.79 2.22 2.67 1.39 

CHCH2CH → CHCH2C+H 57 1.12 1.56 1.90 0.55 

CHCH2CH → CHCHCH+H 58 1.34 1.74 2.11 0.86 

CH2CHCH→ CH2+CHCH 59 1.57 1.83 2.23 1.20 

CH2CHCH → CH2CH+CH 60 1.68 2.03 2.45 1.22 

CH2CHCH → CH2CHC+H 61 1.24 1.83 2.30 0.63 

CH2CHCH → CH2CCH+H 62 0.88 1.31 1.67 0.39 

CH2CHCH → CHCHCH+H 63 0.43 0.91 1.25 -0.23 

CH2CCH2 → CH2C+CH2 64 1.76 2.04 2.45 1.33 

CH2CCH2 → CH2CCH+H 65 0.68 1.15 1.46 0.23 

CH3CCH→ CH3C+CH 66 1.30 1.56 1.92 0.87 

CH3CCH → CH3+CHC 67 1.29 1.58 2.05 0.85 

CH3CCH → CH3CC+H 68 0.61 0.98 1.45 0.22 

CH3CCH → CH2CCH+H 69 0.35 0.84 1.29 -0.11 

CH3CC→ CH3+CC 70 1.20 1.25 1.66 0.78 

CH3CC→ CH3C+C 71 1.47 1.41 1.78 0.98 

CH3CC → CH2CC+H 72 0.17 0.31 0.67 -0.31 

CH2CHC→ CH2+CHC 73 2.30 2.42 2.85 1.93 

CH2CHC → CH2CH+C 74 1.72 1.83 2.30 1.21 

CH2CHC → CH2CC+H 75 0.22 0.39 0.76 -0.19 

CH2CHC → CHCHC+H 76 -0.15 0.14 0.50 -0.67 

CHCH2C → CH+CH2C 77 1.65 1.83 2.33 1.06 

CHCH2C → CH2CH+C 78 1.96 2.10 2.51 1.45 

CHCH2C → CHCHC+H 79 0.83 1.13 1.42 0.04 

CHCH2C → CCH2C+H 80 0.55 0.91 1.28 -0.12 
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CHCHCH → CH+CHCH 81 1.58 1.74 2.11 1.05 

CHCHCH → CHCHC+H 82 0.93 1.21 1.54 0.24 

CHCHCH → CHCCH+H 83 0.99 1.26 1.57 0.25 

CH2CCH → CH2+CHC 84 2.12 2.25 2.65 1.48 

CH2CCH → CH2C+CH 85 1.47 1.40 1.81 1.11 

CH2CCH → CH2CC+H 86 0.91 1.06 1.51 0.33 

CH2CCH → CHCCH+H 87 1.07 1.24 1.59 0.48 

CH2CC → CH2+CC 88 1.96 1.78 2.18 1.40 

CH2CC → CHC+C 89 1.28 1.16 1.54 0.68 

CH2CC → CHCC+H 90 1.50 1.70 2.03 0.85 

CHCHC→ CH+CHC 91 1.01 1.00 1.41 0.18 

CHCHC→ CHCH+C 92 1.42 1.28 1.71 0.76 

CHCHC→ CHCC+H 93 2.04 1.98 2.31 1.42 

CHCHC→ CCHC+H 94 0.73 0.84 1.47 0.01 

CCH2C → C+CH2C 95 1.51 1.33 1.29 0.95 

CCH2C →CCHC+H 96 1.76 1.73 2.04 1.18 

CHCCH → CH+CCH 97 1.80 1.68 2.07 1.86 

CHCCH → CHCC+H 98 1.95 2.05 2.43 1.42 

CCHC → CHC+C 99 1.86 1.48 1.96 1.10 

CCHC → CCC+H 100 1.64 1.50 1.92 0.91 

CHCC → CH+CC 101 1.46 1.15 1.48 0.78 

CHCC → CHC+C 102 2.62 2.37 2.80 1.72 

CHCC → CCC+H 103 1.42 1.24 1.64 0.71 

CCC → C+CC 104 2.74 2.07 2.52 1.80 

CH4 → CH3+H 105 0.54 1.41 1.44 0.73 

CH3 → CH2+H 106 0.35 1.06 1.08 0.31 

CH2→ CH+H 107 0.45 0.98 0.97 0.25 

CH → C+H 108 0.84 1.07 1.16 0.53 

CH3CH3 → CH3+CH3 109 1.87 2.79 3.11 2.21 

CH3CH3 → CH3CH2+H 110 0.94 1.86 2.05 1.18 

CH3CH2 → CH3+CH2 111 1.36 2.09 2.32 1.45 

CH3CH2 → CH3CH+H 112 1.00 1.83 2.13 0.88 

CH3CH2 →CH2CH2+H 113 0.51 1.32 1.49 0.58 

CH3CH → CH3+CH 114 1.25 1.82 2.02 1.18 

CH3CH → CH3C+H 115 0.54 1.02 1.19 0.44 

CH3CH → CH2CH+H 116 0.67 1.32 1.54 0.42 

CH3C → CH3+C 117 1.37 1.70 1.97 1.20 

CH3C → CH2C+H 118 0.71 1.14 1.34 0.40 

CH2CH2 → CH2+CH2 119 1.39 1.92 2.14 1.32 

CH2CH2 → CH2CH+H 120 0.38 0.97 1.16 0.17 

CH2CH →CH2+CH 121 1.27 1.67 1.88 0.92 

CH2CH → CH2C+H 122 0.60 1.06 1.28 0.18 

CH2CH → CHCH+H 123 0.70 1.16 1.40 0.32 
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CH2C → CH2+C 124 1.58 1.72 1.93 1.08 

CH2C → CHC+H 125 1.18 1.45 1.65 0.72 

CHCH → CH+CH 126 1.48 1.79 1.36 0.40 

CHCH → CHC+H 127 0.86 1.10 1.35 0.42 

CHC → CH+C 128 1.06 1.01 1.26 0.55 

CHC → CC + H 129 0.62 0.62 0.84 0.23 

CC → C+C 130 1.75 1.45 1.64 0.98 

 

Table A.14: Free energies of gas species at 793 K, PCH3CH2CH3 of 1 bar, and PH2 of 1 bar. 

Referenced to gaseous propane and hydrogen. 

 

 

 

 

 

 

 

 

  

Gas Species PBE-D3 BEEF-vdw RPBE SCAN-rVV10

Propylene 0.28 0.04 0.12 0.36

Propyne 1.16 0.84 0.81 1.32

Ethane -0.02 0.01 -0.06 -0.01

Ethylene 0.34 0.17 0.14 0.41

Acetylene 1.57 1.22 1.22 1.72

Methane -0.56 -0.51 -0.60 -0.56

 Free Energy (eV) of Product Gas Species.  
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Table A.15: Activation barriers of selected reactions at 793K on Pt(100), PCH3CH2CH3 of 1 

bar, and PH2 of 1 bar. Referenced to the reactant of each reaction. 

 

 

Chemical Reaction on Surface PBE-D3 BEEF-vdw RPBE SCAN-rVV10

CH3CH2CH3 → CH3CHCH3+H 0.43 0.78 0.58 0.15

CH3CH2CH3 → CH3CH2CH2 +H 0.49 0.89 0.58 0.30

CH3CHCH3 → CH3CHCH2+H 0.36 0.70 0.48 0.47

CH3CH2CH2 → CH3CHCH2+H 0.30 0.66 0.51 0.33

CH3CH2CH3 → CH3+CH2CH3 2.22 2.82 2.57 2.06

CH3CHCH3 → CH3CH+CH3 1.31 1.57 1.44 1.33

CH3CHCH3 → CH3CCH3+H 0.31 0.58 0.38 0.12

CH3CH2CH2 → CH3CH2+CH2 1.21 1.55 1.45 1.23

CH3CH2CH2 → CH3+CH2CH2 2.26 2.81 2.66 2.19

CH3CH2CH2 → CH2CH2CH2+H 0.42 0.93 0.82 0.36

CH3CH2CH2 → CH3CH2CH +H 0.27 0.64 0.46 0.15

CH3CHCH2 → CH3+CHCH2 1.18 1.37 1.33 1.13

CH3CHCH2 → CH3CH+CH2 1.17 1.46 1.39 1.14

CH3CHCH2 → CH3CCH2+H 0.41 0.67 0.58 0.25

CH3CHCH2 → CH3CHCH+H 0.35 0.58 0.46 0.23

CH3CHCH2 → CH2CHCH2+H 0.42 0.70 0.62 0.38

Activation barriers (eV) for selected surface reactions 

Pt(100)
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Table A.16. Activation barriers of selected reactions at 793K on Pt(111) , PCH3CH2CH3 of 1 

bar, and PH2 of 1 bar. Referenced to the reactant of each reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

Chemical Reaction on Surface PBE-D3 BEEF-vdw RPBE SCAN-rVV10

CH3CH2CH3 → CH3CHCH3+H 0.75 1.66 2.13 1.03

CH3CH2CH3 → CH3CH2CH2 +H 0.73 1.52 1.86 0.94

CH3CHCH3 → CH3CHCH2+H 0.61 1.52 1.98 0.75

CH3CH2CH2 → CH3CHCH2+H 0.53 1.41 1.83 0.62

CH3CH2CH3 → CH3+CH2CH3 2.45 3.24 3.67 2.71

CH3CHCH3 → CH3CH+CH3 1.82 2.63 3.17 2.08

CH3CHCH3 → CH3CCH3+H 0.61 1.47 1.95 0.68

CH3CH2CH2 → CH3CH2+CH2 1.85 2.55 3.00 2.05

CH3CH2CH2 → CH3+CH2CH2 2.17 3.08 3.60 2.38

CH3CH2CH2 → CH2CH2CH2+H 0.59 1.58 2.03 0.67

CH3CH2CH2 → CH3CH2CH +H 0.64 1.41 1.78 0.70

CH3CHCH2 → CH3+CHCH2 1.71 2.54 3.05 1.87

CH3CHCH2 → CH3CH+CH2 1.90 2.68 3.18 2.10

CH3CHCH2 → CH3CCH2+H 0.73 1.62 2.06 0.74

CH3CHCH2 → CH3CHCH+H 0.72 1.56 2.02 0.71

CH3CHCH2 → CH2CHCH2+H 0.71 1.57 2.07 0.84

Activation barriers (eV) for selected surface reactions 

Pt(111)
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Table A.17: Activation barriers of selected reactions at 793K on Pt(211) , PCH3CH2CH3 of 1 

bar, and PH2 of 1 bar. Referenced to the reactant of each reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

Chemical Reaction on Surface PBE-D3 BEEF-vdw RPBE SCAN-rVV10

CH3CH2CH3 → CH3CHCH3+H 0.57 0.82 0.59 0.27

CH3CH2CH3 → CH3CH2CH2 +H 0.72 0.82 0.47 0.47

CH3CHCH3 → CH3CHCH2+H 0.31 0.51 0.21 0.26

CH3CH2CH2 → CH3CHCH2+H 0.20 0.45 0.28 0.23

CH3CH2CH3 → CH3+CH2CH3 2.45 2.77 2.74 2.45

CH3CHCH3 → CH3CH+CH3 1.81 2.00 1.95 1.82

CH3CHCH3 → CH3CCH3+H 0.71 0.92 0.78 0.57

CH3CH2CH2 → CH3CH2+CH2 1.69 1.89 1.91 1.79

CH3CH2CH2 → CH3+CH2CH2 1.78 2.05 2.23 1.85

CH3CH2CH2 → CH2CH2CH2+H 0.37 0.79 0.74 0.75

CH3CH2CH2 → CH3CH2CH +H 0.73 1.02 0.95 0.18

CH3CHCH2 → CH3+CHCH2 1.82 2.07 2.10 1.68

CH3CHCH2 → CH3CH+CH2 1.85 2.18 2.21 1.67

CH3CHCH2 → CH3CCH2+H 0.90 1.24 1.20 0.58

CH3CHCH2 → CH3CHCH+H 0.90 1.22 1.19 0.58

CH3CHCH2 → CH2CHCH2+H 1.00 1.35 1.27 0.84

Activation barriers (eV) for selected surface reactions 

Pt(211)
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A.2.2   Prior Construction for Model Variances 

As the results of model evidence and Mahalanobis distances are dependent on the 

prior distribution, care was taken when choosing hyperparameters so not to bias the prior 

and resulting posterior distributions towards any of the six models studied in this paper. 

When developing the variances, we chose inverse gamma distributions to sample the 

variances in the model. Inverse gamma functions are the conjugate prior to Gaussian 

distributions, and only sample positive real numbers for the variances. These inverse 

gamma hyperparameters, for the shape, α, and scale, β, were informed by the prior 

experiments conducted by Walker2, while keeping them non-informative with respect to 

the current experimental datasets and simulation settings. These hyperparameters for these 

distributions can be read in Appendix A A.18. In addition, in Figure A.1, an inverse gamma 

distribution with shape and scale of 3 and 1 is graphically depicted.  

 

Table A.18: Model variances through hyperparameters for shape and scale of the inverse 

gamma prior distributions.  

Hyperparameters Log10 

(TOF) 

Logit 

(Selectivity) 

Propane 

Reaction 

Order 

Hydrogen 

Reaction 

Order 

Apparent 

Activation 

Energy 

Α 3 3 3 3 3 

Β 1 1 0.5 0.5 0.5 
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Figure A.1: An inverse gamma distribution with shape of 3 and scale of 1 
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A.2.3 χ2 Goodness-of-Fit and Jeffery’s Scale for Bayes Factor 

χ2, or chi-squared, is a measure of the goodness-of-fit for how well the data matches 

a particular reported value.9-11 For multinormal data, that this study generates, the squared 

Mahalanobis distance is used to evaluate the goodness of fit. In this study, a model is 

rejected if it fails to be less than a χ2 value at a significance level of 0.05, as referred to as 

χ2
0.05. Table A.19 lists the χ2 values as given by Brerenton.11 

Table A.19: χ2
0.05table for evaluating Squared Mahalanobis Distance.9-11 

Degrees of 

Freedom (DOF) 

Corresponding 

Experiment to DOF χ0.05
2 

1  3.84 

2 D3 5.99 

3  7.82 

4 D1 9.49 

5 D2 11.07 

 

The Bayes factor is a comparative model evaluation statistic comparing evidence 

between two models, in this case, Model 1 (M1), and Model 2, (M2).
12  In this study, the 

models may either be the surfaces, or the functional methodologies used. Values can be 

found in Table A.20.  
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Table A.20. Jeffery’s Scale for Bayes Factors, B12 = p(D|M1)/p(D|M2) 
12 

B12 Evidence for M1 

1 - 3.2 Not worth more than a bare mention 

3.2 – 10 Positive 

10 – 100 Strong 

> 100 Very strong 
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A.2.4 Confidence Intervals around the Relative Free Energy for Pt(100), 

Pt(111), and Pt(211) 

 

Figure A.2: 95% Confidence intervals around each adsorbed species on a) Pt(100), b) 

Pt(111), and c) Pt(211) using the Four Functional Model (FFM) and the BEEF-vdW 

Model with Ensembles (BMwE). Adsorbed species numbers can be found in Table A.2. 

 
Figure A.3: 95% Confidence intervals around each transition state species on a) Pt(100), 

b) Pt(111), and c) Pt(211) using the Four Functional Model (FFM) and the BEEF-vdW 

Model with Ensembles (BMwE). Transition state species numbers can be found in Table 

A.3.  
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A.2.5 Likelihood Functions for Experimental Conditions D2 and D3 

In addition to the full likelihood function for experiment D113 explained in the 

main paper, likelihood functions for D214 and D315 can also be derived. For D2, the 

selectivity to propylene was one of the quantities of interested data. When evaluating 

model errors to the selectivity to propylene, a logit function was chosen to transform this 

function, as selectivity, by definition, must be within the bounds of [0,1]. This 

transformation changes the range of the function to (-∞, ∞) to include and analyze the 

errors properly. The logit function for selectivity is defined in the following.16 

𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦) = ln (
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦

1 − 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦
) (𝐴. 1) 

The expanded likelihood function for D2 then becomes equation A.2. 

𝑝(𝐷2|𝜃,𝑀) =  
1

√2𝜋𝜎𝑇𝑂𝐹
2

exp(−
1

2

(𝑙𝑜𝑔10𝑇𝑂𝐹 − 𝑙𝑜𝑔10𝑇𝑂𝐹
∗)2

𝜎𝑇𝑂𝐹
2 )

∗
1

√2𝜋𝜎𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒
2

exp(−
1

2

(𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒 − 𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒
∗)
2

𝜎𝛼𝑝𝑟𝑜𝑝𝑎𝑛𝑒
2

)

∗
1

√2𝜋𝜎𝛼𝐻2
2

exp (−
1

2

(𝛼𝐻2 − 𝛼𝐻2
∗)
2

𝜎𝛼𝐻2
2

)

∗
1

√2𝜋𝜎𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
2

exp(−
1

2

(𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 − 𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
∗)
2

𝜎𝐸𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
2 ) 

∗
1

√2𝜋𝜎𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)
2

exp(−
1

2

(𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦) − 𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)∗)2

𝜎𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)
2 ) (𝐴. 2)
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For D3, as there exist only two reported quantities of interest, this is condensed to equation 

A.3. 

𝑝(𝐷3|𝜃,𝑀) =  
1

√2𝜋𝜎𝑇𝑂𝐹
2

exp (−
1

2

(𝑙𝑜𝑔10𝑇𝑂𝐹 − 𝑙𝑜𝑔10𝑇𝑂𝐹
∗)2

𝜎𝑇𝑂𝐹
2 ) 

∗
1

√2𝜋𝜎𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)
2

exp(−
1

2

(𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦) − 𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)∗)2

𝜎𝑙𝑜𝑔𝑖𝑡(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦)
2 ) (𝐴. 3)
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A.3 Experimental Data 

Table A.21. Experimental conditionals and reported results for the experiments D1,13 

D2,14 and D3,15 as replicated in this study. Data in black was not reported by the specific 

experiment. 

Reported Experimental Information D1 D2 D3 

Temperature (K) 633 793 792 

PPropane (bar) 0.04 0.03 0.29 

PH2 (bar) 2.00 0.03 0.09 

TOF (1/s) 0.035 0.45 0.2 

Selectivity to Propylene   90% 85% 

Propane reaction order 1 1   

Hydrogen reaction order -1.1 -0.51   

Apparent activation energy (eV) 1.25 0.98   
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A.4  Additional Information for Microkinetic Modeling   

A.4.1 Site Occupation by Surface 

We studied the same reaction pathways on each of the surfaces. However, the 

geometry and number of occupied sites for the lowest energy adsorbed species depends on 

the surface, as the surface facets are different from each other. This study defines that one 

Pt atom is one site.  We used this methodology for all carbon containing species. For atomic 

hydrogen, we assumed that one H atom covers 1 site, regardless of the most stable 

adsorption site, due to its small size and weak self-interactions on each of the surfaces. This 

information can be read in Table A.22.  

Table A.22: Number of sites occupied by each adsorbed species on Pt(100), Pt(111), 

Pt(211) 

  Number of Sites Occupied 

Adsorbed Species Pt(100) Pt(111) Pt(211) 

CH3CH2CH3 1 1 1 

CH3CHCH3 1 1 1 

CH3CH2CH2 1 1 1 

CH3CHCH2 2 2 2 

CH3CH2CH 2 2 2 

CH2CH2CH2 2 2 2 

CH3CCH3 2 2 2 

CH3CH2C 4 3 3 

CH2CH2CH 3 3 2 

CH2CHCH2 2 3 2 

CH3CHCH 3 3 3 

CH3CCH2 3 3 3 

CH3CHC 3 3 3 

CH2CH2C 4 3 3 

CHCH2CH 4 3 4 

CH2CHCH 3 3 3 

CH2CCH2 3 4 3 

CH3CCH 4 3 3 

CH3CC 4 3 4 

CH2CHC 3 3 4 

CHCHCH 4 4 4 

CHCH2C 4 4 4 
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CH2CCH 3 4 4 

CH2CC 4 4 4 

CHCHC 4 3 4 

CCH2C 4 5 5 

CHCCH 4 5 4 

CCHC 6 5 4 

CHCC 4 5 4 

CCC 6 5 4 

CH3CH3 1 1 1 

CH3CH2 1 1 1 

CH3CH 2 2 2 

CH3C 4 3 3 

CH2CH2 2 2 2 

CH2CH 2 3 3 

CH2C 3 3 3 

CHCH 4 3 4 

CHC 4 4 4 

CC 4 4 4 

CH4 1 1 1 

CH3 1 1 1 

CH2 2 2 2 

CH 4 3 3 

C 4 3 4 

H 1 1 1 
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A.4.2 Lateral Interactions 

To describe the lateral interactions on all of our surfaces, we used the same 

methodology as in Zare et al.17 

𝐺𝑎𝑑𝑠,𝑖(𝜃𝑗) = 𝐺𝑎𝑑𝑠,𝑖(0) +∑𝛼𝑖,𝑗𝜃𝑗
𝑗

 (𝐴. 4) 

where 𝐺𝑎𝑑𝑠,𝑖(𝜃𝑗) is the adsorption free energy of species i, with coverage of species j, 

𝐺𝑎𝑑𝑠(0) is the energy of the adsorbed species on a clean slab, 𝜃𝑗  is the coverage of species 

j on the surface, and 𝛼𝑖,𝑗 is the lateral interaction parameter between species i and j. All 

lateral interactions are calculated at a coverage of 25%, with the exception of the 

interactions between other species and CHC* on Pt(211), which was calculated at 33% due 

to the different number of surface atoms and site coverage of CHC*.  

𝛼𝑖,𝑗 =
1

𝜃𝑗
(𝐺𝑎𝑑𝑠,𝑖(𝜃𝑗) − 𝐺𝑎𝑑𝑠,𝑖(0) (𝐴. 5) 

The lateral interaction parameter is 𝛼𝑖,𝑗, which is calculated as the difference between the 

adsorption energy of species i with the lateral interaction species j at coverage of 𝜃𝑗  and 

the adsorption energy of species i at 0 species j coverage. For all species, save CHC* on 

Pt(211), a coverage of 25% was used to generate the lateral interaction term. For CHC* on 

Pt(211), we used a coverage of 33%.  

 

 After calculating 𝛼𝑖,𝑗, we proceed to calculate the transition state energy, using the 

following equations:  
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𝐺𝑘
𝑇𝑆(𝜃𝑗) = 𝐺𝑘

𝑇𝑆(0) +∑(𝛽𝑘,𝑗𝜃𝑗
𝑗

) (𝐴. 6) 

𝛽𝑘,𝑗 =
1

2
∗∑𝛼𝑖,𝑗

𝑘

𝑖

(𝐴. 7) 

where 𝐺𝑘
𝑇𝑆(𝜃𝑗) is the transition state energy for reaction k at surface coverage of species j, 

𝐺𝑘
𝑇𝑆(0) is the transition state energy for reaction k on the clean surface, and 𝛽𝑘,𝑗 is the 

lateral interaction term for reaction k over all species i involved in the reaction described 

by transition state k. Thus, 𝛽𝑘,𝑗 is calculated as the sum of the products and reactants lateral 

interactions and divided by 2, as we assume that the transition states are half of the products 

and half of the reactant states.  

Table A.23: Lateral interactions on Pt(100). 

Pt(100) Lateral Interaction Paramters (eV/coverage) 

Adsorbed 

Species (i) 

αi,H αi,CHCH αi,C 

CH3CH2CH3 0.20 -0.09 0.08 

CH3CHCH3 0.18 0.45 0.02 

CH3CH2CH2 0.02 0.19 -0.05 

CH3CHCH2 0.31 0.57 -0.04 

CH3CH2CH 0.16 0.73 0.22 

CH2CH2CH2 0.08 0.61 0.26 

CH3CCH3 0.28 0.68 0.01 

CH3CH2C -0.03 0.39 -0.04 

CH2CH2CH 0.38 0.92 0.11 

CH2CHCH2 -0.05 0.81 0.18 

CH3CHCH 0.26 0.58 -0.01 

CH3CCH2 0.09 0.79 0.15 

CH3CHC 0.36 0.73 0.22 

CH2CH2C 0.02 0.30 -0.13 

CHCH2CH -0.15 0.57 0.04 

CH2CHCH 0.56 0.65 0.27 

CH2CCH2 0.14 0.58 0.04 

CH3CCH 0.01 0.47 0.06 

CH3CC -0.06 0.39 0.18 

CH2CHC 0.14 0.68 0.17 
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CHCHCH 0.10 0.52 0.55 

CHCH2C 0.17 1.03 0.05 

CH2CCH 0.18 0.66 0.30 

CH2CC 0.26 0.38 0.18 

CHCHC -0.22 0.81 0.35 

CCH2C 0.27 0.78 0.37 

CHCCH 0.35 0.46 0.25 

CCHC 0.23 0.39 0.00 

CHCC 0.27 0.87 0.54 

CCC 0.12 0.38 0.06 

CH3CH3 0.09 0.14 0.04 

CH3CH2 0.14 0.80 0.56 

CH3CH 0.29 0.40 0.23 

CH3C 0.09 0.21 -0.08 

CH2CH2 0.11 0.24 0.10 

CH2CH 0.32 0.37 0.22 

CH2C -0.08 0.19 0.01 

CHCH 0.01 0.19 -0.01 

CHC -0.02 0.15 0.19 

CC 0.17 0.26 0.16 

CH4 0.03 0.18 0.05 

CH3 0.13 0.33 0.06 

CH2 0.13 0.28 0.10 

CH -0.10 0.15 0.02 

C -0.16 0.01 -0.04 

H 0.05 0.11 -0.02 
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Table A.24 Lateral interactions on Pt(111). 

Pt(111)  Lateral Interaction Parameters (eV/coverage) 

Adsorbed 

Species (i) 

αi,H αi,CH αi,CH3C αi,CH3CH2C 

CH3CH2CH3 0.28 0.15 0.00 0.08 

CH3CHCH3 0.52 0.42 0.52 0.90 

CH3CH2CH2 0.47 0.31 0.60 0.76 

CH3CHCH2 0.42 0.64 0.76 1.06 

CH3CH2CH 0.67 0.42 1.01 1.48 

CH2CH2CH2 0.38 0.80 0.81 1.06 

CH3CCH3 0.82 1.57 0.93 1.57 

CH3CH2C 0.57 0.74 0.93 1.10 

CH2CH2CH 0.49 0.67 1.05 1.31 

CH2CHCH2 0.67 0.52 1.01 1.12 

CH3CHCH 0.82 0.59 0.93 1.39 

CH3CCH2 0.62 0.61 0.98 1.12 

CH3CHC 0.63 0.70 1.10 1.31 

CH2CH2C 0.37 0.76 1.23 1.39 

CHCH2CH 0.76 0.80 1.08 1.23 

CH2CHCH 0.87 0.98 1.00 1.35 

CH2CCH2 1.14 0.73 1.16 1.21 

CH3CCH 0.66 0.60 0.58 1.09 

CH3CC 0.73 0.73 1.29 1.45 

CH2CHC -0.13 0.76 1.62 1.97 

CHCHCH 0.58 0.76 0.98 1.46 

CHCH2C 0.83 0.77 0.85 1.39 

CH2CCH 0.83 0.70 1.00 1.26 

CH2CC 1.00 0.84 0.95 1.21 

CHCHC 0.68 0.77 1.14 1.33 

CCH2C 0.37 0.84 0.93 1.42 

CHCCH 1.59 0.93 1.47 1.79 

CCHC 0.92 0.88 1.11 1.45 

CHCC 0.74 0.88 1.01 1.42 

CCC 0.83 0.81 0.93 1.31 

CH3CH3 0.20 0.17 0.36 0.49 

CH3CH2 0.25 1.27 0.66 0.79 

CH3CH 0.43 0.75 1.07 1.17 

CH3C 0.66 1.14 0.62 1.24 

CH2CH2 0.45 0.52 0.56 1.05 

CH2CH 0.55 0.76 0.72 1.27 

CH2C 0.62 0.69 0.76 1.26 

CHCH 0.60 0.80 0.98 1.08 

CHC 0.79 0.60 0.90 1.08 
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CC 0.85 0.83 0.98 1.23 

CH4 0.25 0.31 0.29 0.50 

CH3 0.28 -0.08 0.09 0.41 

CH2 0.39 0.37 0.94 1.13 

CH 0.51 0.44 0.92 1.15 

C 0.56 0.51 0.24 0.80 

H 0.21 0.23 0.58 0.85 
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Table A.25: Lateral interactions on Pt(211). 

Pt(211) Lateral Interactions Parameters (eV/coverage) 

Molecule αi,H αi,CH3C αi,CHC 

CH3CH2CH3 -0.06 0.54 0.56 

CH3CHCH3 0.14 0.40 0.74 

CH3CH2CH2 0.25 0.62 0.73 

CH3CHCH2 0.18 0.09 0.22 

CH3CH2CH -0.16 0.08 0.68 

CH2CH2CH2 -0.12 0.14 0.98 

CH3CCH3 0.25 0.38 0.96 

CH3CH2C 0.17 0.11 0.67 

CH2CH2CH 0.09 0.21 0.96 

CH2CHCH2 0.01 0.25 0.97 

CH3CHCH 0.44 0.18 1.05 

CH3CCH2 0.47 0.23 1.00 

CH3CHC 0.17 -0.02 0.91 

CH2CH2C 0.21 0.10 1.08 

CHCH2CH 0.50 0.16 0.91 

CH2CHCH 0.24 0.14 1.04 

CH2CCH2 0.40 0.37 1.03 

CH3CCH 0.67 0.25 0.50 

CH3CC 0.33 0.09 1.36 

CH2CHC 0.10 0.00 1.22 

CHCHCH 0.23 0.19 0.26 

CHCH2C 0.41 0.34 1.76 

CH2CCH 0.16 0.13 0.98 

CH2CC 0.11 0.08 1.35 

CHCHC 0.22 0.06 1.16 

CCH2C 0.51 0.28 1.08 

CHCCH 0.31 0.37 0.81 

CCHC 0.53 0.08 0.99 

CHCC 0.51 0.27 1.11 

CCC 0.52 -0.06 0.97 

CH3CH3 0.59 0.16 0.67 

CH3CH2 0.60 -0.03 0.85 

CH3CH 0.39 0.51 0.72 

CH3C 0.40 0.56 1.11 

CH2CH2 0.54 0.10 0.70 

CH2CH 0.38 0.24 1.05 

CH2C 0.40 0.09 1.02 

CHCH 0.20 0.18 0.17 

CHC 0.15 -0.08 0.23 

CC 0.44 0.03 0.53 
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CH4 0.51 0.06 0.66 

CH3 0.46 -0.19 0.42 

CH2 0.44 0.07 0.69 

CH 0.25 0.10 0.99 

C 0.24 0.09 0.84 

H 0.11 0.81 0.83 
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For the lateral interactions between high coverage species and all other surface 

species, we calculated the ddG of adsorption, or the change of adsorption energy as the 

number of adsorbed species increased. Figures A.4 – A.13 describe these lateral 

interactions for the self-interaction of various species.  

 

Figure A.4: Differential adsorption energies of acetylene as a function of the number of 

acetylene molecules adsorbing onto the Pt(100) surface. Lateral interaction parameters 

were calculated from 0% acetylene coverage to 75% acetylene coverage (3 CHCH 

species on the surface slab).   
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Figure A.5: Differential adsorption energies of atomic carbon as a function of the number 

of carbon atoms adsorbing onto the Pt(100)  surface. Lateral interactions were calculated 

from 0% coverage to 100% C* coverage (4 C species on the surface slab).  

 

Figure A.6: Differential adsorption energies of atomic hydrogen as a function of the 

number of hydrogen atoms adsorbing onto the Pt(100) surface. Lateral interactions were 

calculated from 0% coverage to 50% H* coverage (8 H species on the surface slab).  
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Figure A.7: Differential adsorption energies of atomic hydrogen as a function of the 

number of hydrogen atoms adsorbing onto the Pt(111) surface. Lateral interactions were 

calculated from 0% coverage to 50% H* coverage (8 H species on the surface slab).  

 

Figure A.8: Differential adsorption energies of CH* as a function of the number of CH* 

species adsorbing onto the Pt(111) surface. Lateral interactions were calculated from 0% 

coverage to 75% coverage of CH* (4 CH species on the surface slab).   
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Figure A.9: Differential adsorption energies of CH3C* as a function of the number of 

CH3C*  species adsorbing onto the Pt(111) surface. Lateral interactions were calculated 

from 0% coverage to 75% CH3C* coverage (4 CH3C species on the surface slab).   

 

Figure A.10: Differential adsorption energies of CH3CH2C* as a function of the number 

of CH3CH2C* species adsorbing onto the Pt(111) surface. Lateral interactions were 

calculated from 0% coverage to 75% CH3CH2C* coverage (4 CH3CH2C species on the 

surface slab).  
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Figure A.11: Differential adsorption energies of atomic hydrogen as a function of the 

number of hydrogen atoms adsorbing onto the Pt(211) surface. Lateral interactions were 

calculated between 0% and 33% H* coverage (8 H species on the surface slab).   

 

Figure A.12: Differential adsorption energies of CH3C* as a function of the number of 

CH3C* adsorbing onto the Pt(211) surface. Lateral interactions were calculated between 

0% and 38% CH3C* coverage (3 CH3C species on the surface slab).  
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Figure A.13. Differential adsorption energies of CHC* as a function of the number of 

CHC* adsorbing onto the Pt(211) surface. Lateral interactions were calculated from 0% 

coverage to 50% CHC* coverage (4 CHC species on the surface slab). 
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A.4.3 Uncertainty within Site Occupancy 

 A challenge of mean-field microkinetic modelling includes determining site 

occupancies for each adsorbed species, which can have cascading effects on results. In this 

study, the site occupancies given in Table A.22 are what the study uses for all of the 

calculations. These occupancies have been derived from how many platinum atoms are 

being directly affected by each species through bonding. However, a one-site model in 

which a site is either occupied or unoccupied might not be correct for a system with many 

different types of sites, and considerable uncertainty exists in calculating the species site 

occupancy. To determine if the species occupancies affected the results, the Pt(100) 

microkinetic model was modified such that all species occupancies that were greater than 

2 were reduced by 1, such that a species occupying 3 sites now occupies 2 sites etc. Table 

A.26 reports the results of this model that ran at D2 conditions, which again can be 

compared to Table A.28.  Table A.26 shows that site occupancies do affect the resulting 

predicted experimental data; however, in this study we hypothesize that these errors are 

small relative to the DFT functional error.  

Table A.26: Evaluating two different microkinetic models for the effect of changing the 

surface occupancies of the microkinetic model from the current to the modified model. 

 

  

Experimental Quantities of Interest

D2 Dataset Modified Microkinetic Model, PBE-D3 Current Microkinetic Model

TOF (Propylene) (1/s) 0.77 6.60

Selectivity to Propylene 67.9% 76.1%

Apparent Activation Energy (eV) 1.31 1.30

Propane Reaction Order 0.33 0.61

H2 Reaction Order 1.02 0.67

Reaction Conditions of D2
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A.5 Selectivity towards different Gas Species, Prior, forward-only problem.  

Table A.27. Average selectivity towards gas-phase species at experimental conditions, 

prior models only.  

  

 

 

 

 

 

Species Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211)

Propylene 74.7 77.0 98.3 23.7 53.4 98.7 27.3 60.8 98.0

Propyne 0.92 3.33 0.00 0.00 0.07 0.26 0.00 0.04 0.00

Ethane 4.76 5.19 0.02 0.24 0.00 0.00 0.57 0.00 0.00

Ethylene 9.25 6.71 0.02 29.3 23.4 1.37 38.5 19.7 0.02

Acetylene 0.00 0.63 0.00 0.00 0.16 0.00 0.00 0.02 0.25

Methane 7.22 6.27 0.12 43.3 19.9 0.00 31.2 17.8 0.00

Species Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211)

Propylene 65.1 84.7 88.7 25.4 44.0 96.0 33.0 40.7 97.9

Propyne 0.73 0.00 0.02 0.00 4.64 0.00 0.05 1.08 0.00

Ethane 0.65 0.00 1.11 0.13 0.00 0.00 0.11 0.00 0.00

Ethylene 11.5 4.98 1.19 36.4 25.7 0.57 38.9 26.5 0.20

Acetylene 0.01 2.94 0.00 0.01 3.16 0.00 0.00 0.44 0.00

Methane 21.9 5.36 7.11 30.4 20.5 1.16 24.3 27.1 0.90

Experiment

D1
2

D2
4

D3
3

BEEF Model with Ensembles (BMwE)

Average Selectivity towards Gas-Phase Species (%),  No Calibration

Four Functional Model (FFM)

D1 conditions D2 conditions D3 conditions

D2 conditions D3 conditions

Reaction Conditions

PCH3CH2CH3 = 0.04 bar, PH2 = 2 bar, T = 633K

PCH3CH2CH3 = 0.03 bar, PH2 = 0.03 bar, T = 793K

D1 conditions

PCH3CH2CH3 = 0.29 bar, PH2 = 0.09 bar, T = 792K
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A.6 Surface Microkinetic Model Results for Each Functional, No 

Uncertainty 

Table A.28: Microkinetic model results using each functional separately, no uncertainty, 

on Pt(100).  

   

  

Experimental Quanties of Interest

D1 Dataset PBE-D3 BEEF-vdw RPBE SCAN-rVV10

TOF (Propylene) (1/s) 9.67 × 10
-4

5.49 × 10
-7

6.60 × 10
-11

7.81 × 10
-5

Apparent Activation Energy (eV) 1.86 2.24 2.73 1.93

Propane Reaction Order 1.00 1.00 1.00 1.00

H2  Reaction Order -2.01 -1.76 -1.93 -1.77

D2 Dataset PBE-D3 BEEF-vdw RPBE SCAN-rVV10

TOF (Propylene) (1/s) 6.60 2.98 × 10
-4

8.29 × 10
-5

1.96 × 10
-3

Selectivity to Propylene 76.1% 68.0% 47.2% 11.0%

Apparent Activation Energy (eV) 1.30 2.34 2.54 1.66

Propane Reaction Order 0.61 0.65 0.54 0.16

H2  Reaction Order 0.67 0.61 0.88 1.17

D3 Dataset PBE-D3 BEEF-vdw RPBE SCAN-rVV10

TOF (Propylene) (1/s) 1.91 × 10
2

1.70 × 10
-2

3.41 × 10
-4

6.06 × 10
-1

Selectivity to Propylene 93.4% 87.1% 51.4% 60.6%

Pt(100)
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Table A.29: Microkinetic model results using each functional separately, no uncertainty, 

on Pt(111).  

   

  

Experimental Quanties of Interest

D1 Dataset PBE-D3 BEEF-vdw RPBE SCAN-rVV10

TOF (Propylene) (1/s) 4.76 × 10
-5

9.64 × 10
-9

6.57 × 10
-14

6.30 × 10
-6

Apparent Activation Energy (eV) 1.98 2.36 3.04 2.08

Propane Reaction Order 1.00 1.00 1.00 1.00

H2  Reaction Order -2.31 -2.02 -2.27 -2.33

D2 Dataset PBE-D3 BEEF-vdw RPBE SCAN-rVV10

TOF (Propylene) (1/s) 3.35 × 10
1

4.64 × 10
-5

6.315 × 10
-7

2.02 × 10
-2

Selectivity to Propylene 91.4% 34.9% 24.9% 55.2%

Apparent Activation Energy (eV) 1.48 2.39 2.66 2.02

Propane Reaction Order 0.64 0.52 0.68 0.50

H2  Reaction Order 0.25 0.53 0.23 0.396

D3 Dataset PBE-D3 BEEF-vdw RPBE SCAN-rVV10

TOF (Propylene) (1/s) 1.54 × 10
3

1.15 × 10
-3

3.12 × 10
-5

1.00

Selectivity to Propylene 98.7% 40.3% 23.0% 64.4%

Pt(111)
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Table A.30: Microkinetic model results using each functional separately, no uncertainty, 

on Pt(211).  

   

Table A.31: Degree of Kinetic Rate Control for Pt(111) and Pt(211) at D2 conditions 

around the direct Propane to Propylene Dehydrogenation Pathway for various DFT 

functionals. 

 

 

 

Experimental Quanties of Interest

D1 Dataset PBE-D3 BEEF-vdw RPBE SCAN-rVV10

TOF (Propylene) (1/s) 2.46 × 10
-1

2.11 × 10
-5

3.60 × 10
-8

6.67 × 10
-4

Apparent Activation Energy (eV) 1.50 2.00 2.35 1.85

Propane Reaction Order 1.00 1.00 1.00 1.00

H2  Reaction Order -1.72 -0.51 -0.85 -1.96

D2 Dataset PBE-D3 BEEF-vdw RPBE SCAN-rVV10

TOF (Propylene) (1/s) 8.41 1.55 × 10
-3

2.20 × 10
-5

4.08

Selectivity to Propylene 95.1% 99.7% 99.9% 95.4%

Apparent Activation Energy (eV) 1.04 2.39 2.67 1.24

Propane Reaction Order 0.31 1.00 1.00 0.54

H2  Reaction Order 0.46 -0.02 -0.07 0.30

D3 Dataset PBE-D3 BEEF-vdw RPBE SCAN-rVV10

TOF (Propylene) (1/s) 7.48 × 10
2

1.46 × 10
-1

2.03 × 10
-3

9.87

Selectivity to Propylene 97.6% 99.7% 99.9% 91.0%

Pt(211)

Reaction Propane Propylene Propane Propylene Propane Propylene Propane Propylene

CH3CH2CH3 → CH3CHCH3+H 0.21 0.23 0.06 0.15 0.01 0.01 0.09 0.16

CH3CH2CH3 → CH3CH2CH2 +H 0.42 0.42 0.45 0.34 0.65 0.59 0.40 0.32

CH3CHCH3 → CH3CHCH2+H 0.03 0.04 0.01 0.04 0.00 0.01 0.01 0.02

CH3CH2CH2 → CH3CHCH2+H 0.20 0.24 0.15 0.69 0.09 0.83 0.25 0.65

Total 0.86 0.92 0.67 1.22 0.75 1.44 0.75 1.15

Reaction Propane Propylene Propane Propylene Propane Propylene Propane Propylene

CH3CH2CH3 → CH3CHCH3+H 0.29 0.31 0.57 0.57 0.18 0.18 0.61 0.61

CH3CH2CH3 → CH3CH2CH2 +H 0.00 0.00 0.38 0.38 0.82 0.82 -0.39 -0.39

CH3CHCH3 → CH3CHCH2+H 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00

CH3CH2CH2 → CH3CHCH2+H 0.03 0.03 0.03 0.03 0.00 0.00 0.29 0.29

Propylene Desorption 0.66 0.67 0.00 0.00 0.00 0.00 0.36 0.36

Total 0.98 1.04 0.98 0.98 1.00 1.00 0.87 0.87

Degree of Kinetic Rate Control for Propane and Propylene on Pt(111) and Pt(211)

PBE-D3 BEEF-vdw RPBE SCAN-rVV10

Pt(211)

PBE-D3 BEEF-vdw RPBE SCAN-rVV10

Pt(111)
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A.7 BMwE and FFM Calibration model probability distributions 

A.7.1 Forward-only probability distributions 

 

Figure A.14: Probability Distributions for Quantities of interest at D1 conditions using 

the BMwE model.  

 

Figure A.15: Probability Distributions for Quantities of Interest at D1 conditions using 

the FFM model.  
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Figure A.16. Probability Distributions for Quantities of Interest at D3 conditions using 

the BMwE model.  

 

Figure A.17. Probability Distributions for Quantities of Interest at D3 conditions using 

the FFM model.  
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A.7.2 Calibrated Probability Distributions 

 

Figure A.18: Probability Distributions for Quantities of Interest calibrating on D1 and D2 

and verifying on D1 using the FFM model.  

 

Figure A.19: Probability Distributions for Quantities of Interest calibrating on D1 and D3 

and verifying on D1 using the FFM model.  
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Figure A.20: Probability Distributions for Quantities of Interest calibrating on D2 and D3 

and validating on D1 using the FFM model.  

 

 

Figure A.21. Probability Distributions for Quantities of Interest calibrating on D1 and D2 

and verifying on D2 using the FFM model. 
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Figure A.22: Probability Distributions for Quantities of Interest calibrating on D2 and D3 

and verifying on D2 using the FFM model. 

 

 

Figure A.23. Probability Distributions for Quantities of Interest calibrating on D1 and D2 

and validating on D3 using the FFM model.  
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Figure A.24. Probability Distributions for Quantities of Interest calibrating on D1 and D3 

and verifying on D3 using the FFM model  

 

 

Figure A.25: Probability Distributions for Quantities of Interest calibrating on D2 and D3 

and verifying on D3 using the FFM model  
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Figure A.26: Probability Distributions for Quantities of Interest calibrating on D1 and D2 

and verifying on D1 using the BMwE model.  

 

Figure A.27: Probability Distributions for Quantities of Interest calibrating on D1 and D3 

and verifying on D1 using the BMwE model.  
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Figure A.28: Probability Distributions for Quantities of Interest calibrating on D2 and D3 

and challenging on D1 using the BMwE model.  

 

 

Figure A.29: Probability Distributions for Quantities of Interest calibrating on D1 and D2 

and verifying on D2 using the BMwE model.  
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Figure A.30: Probability Distributions for Quantities of Interest calibrating on D2 and D3 

and verifying on D2 using the BMwE model.  

 

 

Figure A.31: Probability Distributions for Quantities of Interest calibrating on D1 and D2 

and challenging on D3 using the BMwE model.  
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Figure A.32: Probability Distributions for Quantities of Interest calibrating on D1 and D3 

and verifying on D3 using the BMwE model.  

 

  

Figure A.33: Probability Distributions for Quantities of Interest calibrating on D2 and D3 

and verifying on D3 using the BMwE model.  
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APPENDIX B 

SUPPORTING INFORMATION FOR MODELING THE EFFECT OF 

SURFACE PLATINUM-TIN ALLOYS ON PROPANE 

DEHYDROGENATION ON PLATINUM-TIN CATALYSTS  
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B.1 Energies of Adsorbed State Species and Transition State Species 

 
Table B.1: Free energies of adsorbed species at 792 K, PCH3CH2CH3 of 1 bar, and PH2 of 1 

bar, referenced to gaseous propane, hydrogen, and corresponding platinum-tin surface 

slab. 

  Free Energy of Adsorption (eV)  

Adsorbed 

Species 

Adsorption 

Number 

(ADS #) 

Pt3Sn/ 

Pt(100) 

PtSn/ 

Pt(100) 

Pt3Sn/ 

Pt(111) 

Pt2Sn/ 

Pt(211) 

CH3CH2CH3 1 0.80 0.84 0.92 1.00 

CH3CHCH3 2 0.93 1.13 1.19 1.20 

CH3CH2CH2 3 0.95 1.09 1.18 1.14 

CH3CHCH2 4 0.69 0.86 1.13 0.98 

CH3CH2CH 5 0.66 1.63 1.25 1.72 

CH2CH2CH2 6 0.97 1.36 1.37 1.50 

CH3CCH3 7 0.69 1.28 1.12 1.23 

CH3CH2C 8 0.49 1.80 0.46 1.10 

CH2CH2CH 9 1.02 1.97 1.59 2.05 

CH2CHCH2 10 0.47 1.16 0.91 1.01 

CH3CHCH 11 0.61 1.74 1.15 1.39 

CH3CCH2 12 0.50 1.49 1.03 1.61 

CH3CHC 13 0.42 1.56 0.79 0.95 

CH2CH2C 14 0.89 2.28 1.25 1.62 

CHCH2CH 15 0.98 2.06 1.28 2.27 

CH2CHCH 16 0.36 1.46 2.09 2.20 

CH2CCH2 17 1.11 1.48 1.14 1.33 

CH3CCH 18 0.18 1.29 0.79 1.09 

CH3CC 19 0.43 1.56 1.13 1.28 

CH2CHC 20 0.87 1.93 1.34 1.61 

CHCHCH 21 0.45 1.30 2.44 2.34 

CHCH2C 22 1.37 2.98 1.17 2.02 

CH2CCH 23 0.71 1.61 1.50 1.20 

CH2CC 24 1.09 1.63 2.00 1.44 
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CHCHC 25 1.13 2.08 1.58 1.76 

CCH2C 26 2.07 2.41 2.75 2.42 

CHCCH 27 1.14 1.54 1.62 1.90 

CCHC 28 1.31 2.48 2.37 2.21 

CHCC 29 1.10 1.84 1.97 1.58 

CCC 30 1.67 2.30 2.48 2.12 

CH3CH3 31 0.47 0.46 0.58 0.56 

CH3CH2 32 0.64 0.79 0.91 0.84 

CH3CH 33 0.50 1.45 1.03 1.33 

CH3C 34 0.17 1.55 0.32 0.85 

CH2CH2 35 0.57 0.73 0.93 0.62 

CH2CH 36 0.60 1.44 1.02 1.25 

CH2C 37 0.33 1.47 0.68 1.33 

CHCH 38 0.08 1.23 0.84 1.16 

CHC 39 0.41 1.54 1.43 1.18 

CC 40 1.01 1.83 2.13 1.61 

CH4 41 0.10 0.07 0.05 0.17 

CH3 42 0.31 0.43 0.69 0.49 

CH2 43 0.36 1.30 0.95 1.09 

CH 44 0.28 1.47 0.46 0.85 

C 45 0.30 1.73 0.85 1.19 

H 46 0.09 0.17 0.20 0.46 
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Table B.2: Free energies of transition state species at 792 K, PCH3CH2CH3 of 1 bar, and PH2 

of 1 bar, referenced to gaseous propane, hydrogen, and corresponding platinum-tin 

surface slab. 

  Free Energy of the Transition State, (eV) 

Chemical 

Reaction  

Reaction 

Number 

Pt3Sn/ 

Pt(100) 

PtSn/ 

Pt(100) 

Pt3Sn/ 

Pt(111) 

Pt2Sn/ 

Pt(211) 

CH3CH2CH3 → 

CH3CHCH3+H 
1 1.77 2.20 2.22 2.22 

CH3CH2CH3 → 

CH3CH2CH2 +H 
2 1.85 2.17 2.22 2.05 

CH3CHCH3 → 

CH3CHCH2+H 
3 1.75 2.61 2.20 2.12 

CH3CH2CH2 → 

CH3CHCH2+H 
4 1.71 2.58 2.21 2.23 

CH3CH2CH3 → 

CH3+CH2CH3 
5 3.23 3.15 3.55 3.15 

CH3CHCH3 → 

CH3CH+CH3 
6 2.79 3.59 3.23 3.42 

CH3CHCH3 → 

CH3CCH3+H 
7 1.51 2.89 2.13 2.18 

CH3CH2CH2 → 

CH3CH2+CH2 
8 2.58 3.48 3.15 3.22 

CH3CH2CH2 → 

CH3+CH2CH2 
9 3.22 3.98 3.93 4.00 

CH3CH2CH2 → 

CH2CH2CH2+H 
10 1.99 2.50 2.45 2.40 

CH3CH2CH2 → 

CH3CH2CH +H 
11 1.61 2.45 2.18 2.41 

CH3CH2CH → 

CH3CH2+CH 
12 2.47 4.33 2.78 3.35 

CH3CH2CH → 

CH3+CH2CH 
13 2.92 3.74 3.57 3.45 

CH3CH2CH → 

CH3CH2C +H 
14 1.38 3.40 1.84 2.61 

CH3CH2CH → 

CH3CHCH+H 
15 1.52 2.21 2.15 2.40 

CH3CH2CH → 

CH2CH2CH+H 
16 1.94 3.03 2.60 3.72 

CH2CH2CH2→ 

CH2+CH2CH2 
17 2.52 3.16 3.02 2.64 

CH2CH2CH2→ 

CH2CH2CH+H 
18 1.79 2.57 3.24 2.57 

CH2CH2CH2→ 

CH2CHCH2+H 
19 1.87 3.09 2.06 2.75 
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CH3CHCH2 → 

CH3+CHCH2 
20 2.18 4.03 3.14 2.88 

CH3CHCH2 → 

CH3CH+CH2 
21 2.59 3.36 3.14 3.11 

CH3CHCH2 → 

CH3CCH2+H 
22 1.60 2.60 2.12 2.40 

CH3CHCH2 → 

CH3CHCH+H 
23 1.47 2.19 2.14 2.52 

CH3CHCH2 → 

CH2CHCH2+H 
24 1.62 1.79 2.18 1.92 

CH3CCH3 → 

CH3+CH3C 
25 2.52 3.88 2.88 3.08 

CH3CCH3 → 

CH3CCH2+H 
26 1.59 2.67 2.09 2.56 

CH3CH2C  → 

CH3+CH2C 
27 2.55 4.01 3.28 3.41 

CH3CH2C → 

CH3CH2+C 
28 2.25 3.63 2.82 2.95 

CH3CH2C → 

CH2CH2C+H 
29 1.90 3.63 3.08 2.15 

CH3CH2C → 

CH3CHC+H 
30 1.37 2.74 1.78 3.20 

CH2CH2CH → 

CH2+CH2CH 
31 2.66 4.33 3.17 3.61 

CH2CH2CH → 

CH2CH2+CH 
32 2.26 3.60 2.79 3.59 

CH2CH2CH → 

CH2CH2C+H 
33 1.96 3.27 2.41 3.07 

CH2CH2CH → 

CH2CHCH+H 
34 1.63 3.23 2.58 3.14 

CH2CH2CH → 

CHCH2CH+H 
35 1.74 2.82 2.96 3.00 

CH2CHCH2 → 

CH2+CH2CH 
36 2.94 3.42 2.92 2.87 

CH2CHCH2 → 

CH2CHCH+H 
37 1.52 2.28 3.16 2.60 

CH2CHCH2 → 

CH2CCH2+H 
38 2.74 3.24 2.00 2.50 

CH3CHCH → 

CH3+CHCH 
39 2.06 4.21 2.82 2.99 

CH3CHCH → 

CH3CH+CH 
40 2.43 4.27 2.92 4.27 

CH3CHCH → 

CH3CHC+H 
41 1.62 2.54 1.68 1.98 
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CH3CHCH → 

CH3CCH+H 
42 1.98 3.51 2.07 1.96 

CH3CHCH → 

CH2CHCH+H 
43 1.98 2.91 2.42 2.43 

CH3CCH2 → 

CH3+CH2C 
44 2.20 3.91 2.49 2.98 

CH3CCH2 → 

CH3C+CH2 
45 1.61 3.98 2.93 3.74 

CH3CCH2 → 

CH2CCH2+H 
46 1.51 2.40 2.15 1.96 

CH3CCH2 → 

CH3CCH+H 
47 1.45 3.25 1.95 2.89 

CH3CHC → 

CH3+CHC 
48 2.70 3.92 3.27 3.98 

CH3CHC → 

CH3CH+C 
49 2.54 4.73 3.15 3.44 

CH3CHC → 

CH3CC+H 
50 1.35 3.11 2.27 2.57 

CH3CHC → 

CH2CHC+H 
51 1.72 2.77 2.15 2.43 

CH2CH2C → 

CH2CH2+C 
52 2.04 3.60 2.63 3.02 

CH2CH2C → 

CH2+CH2C 
53 2.22 3.92 2.61 3.05 

CH2CH2C → 

CH2CHC+H 
54 2.16 3.84 2.67 3.34 

CH2CH2C → 

CHCH2C+H 
55 1.96 3.71 3.10 2.97 

CHCH2CH→ 

CH2CH+CH 
56 2.83 4.30 3.63 3.69 

CHCH2CH → 

CHCH2C+H 
57 2.79 3.08 3.39 3.44 

CHCH2CH → 

CHCHCH+H 
58 2.27 3.95 3.60 3.12 

CH2CHCH→ 

CH2+CHCH 
59 2.21 3.44 2.74 3.18 

CH2CHCH → 

CH2CH+CH 
60 2.67 3.63 2.66 3.98 

CH2CHCH → 

CH2CHC+H 
61 1.79 2.73 2.35 3.28 

CH2CHCH → 

CH2CCH+H 
62 1.61 3.86 2.54 3.00 

CH2CHCH → 

CHCHCH+H 
63 1.62 2.22 2.36 3.78 
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CH2CCH2 → 

CH2C+CH2 
64 2.95 3.82 2.90 3.47 

CH2CCH2 → 

CH2CCH+H 
65 1.13 2.30 2.70 2.14 

CH3CCH→ 

CH3C+CH 
66 1.97 4.26 2.54 3.56 

CH3CCH → 

CH3+CHC 
67 2.21 3.37 3.02 2.89 

CH3CCH → 

CH3CC+H 
68 1.94 2.85 2.16 2.19 

CH3CCH → 

CH2CCH+H 
69 1.80 2.85 2.50 2.45 

CH3CC→ 

CH3+CC 
70 2.93 3.63 4.01 4.53 

CH3CC→ 

CH3C+C 
71 2.34 4.53 4.01 4.15 

CH3CC → 

CH2CC+H 
72 1.88 2.78 2.41 2.95 

CH2CHC→ 

CH2+CHC 
73 2.30 3.80 2.96 3.27 

CH2CHC → 

CH2CH+C 
74 2.52 3.36 2.61 2.77 

CH2CHC → 

CH2CC+H 
75 1.79 3.54 3.05 3.68 

CH2CHC → 

CHCHC+H 
76 1.52 3.01 3.71 2.81 

CHCH2C → 

CH+CH2C 
77 2.96 4.61 3.26 2.57 

CHCH2C → 

CH2CH+C 
78 2.45 4.15 3.63 3.35 

CHCH2C → 

CHCHC+H 
79 2.57 4.22 3.53 2.91 

CHCH2C → 

CCH2C+H 
80 2.61   3.82 3.45 

CHCHCH → 

CH+CHCH 
81 2.53 4.36 2.72 3.01 

CHCHCH → 

CHCHC+H 
82 1.74 2.94 1.87 2.65 

CHCHCH → 

CHCCH+H 
83 2.76 3.68 3.58 3.57 

CH2CCH → 

CH2+CHC 
84 2.30 3.65 3.34 3.83 

CH2CCH → 

CH2C+CH 
85 2.80 4.30 3.65 4.19 
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CH2CCH → 

CH2CC+H 
86 1.79 2.49 3.19 3.25 

CH2CCH → 

CHCCH+H 
87 2.01 2.17 2.60 2.80 

CH2CC → 

CH2+CC 
88 2.07 3.76 3.67 3.83 

CH2CC → 

CHC+C 
89 2.23 3.75 4.01 4.23 

CH2CC → 

CHCC+H 
90 2.51 2.99 2.85 3.12 

CHCHC→ 

CH+CHC 
91 2.29 4.55 3.27 3.84 

CHCHC→ 

CHCH+C 
92 1.95 4.35 2.44 2.67 

CHCHC→ 

CHCC+H 
93 2.64 3.87 3.62 3.34 

CHCHC→ 

CCHC+H 
94 2.49 3.67 3.03 3.42 

CCH2C → 

C+CH2C 
95 2.57 5.18 2.88 3.80 

CCH2C 

→CCHC+H 
96 2.46 4.67 4.37 4.23 

CHCCH → 

CH+CCH 
97 2.15 4.74 3.28 3.78 

CHCCH → 

CHCC+H 
98 1.87 2.65 2.87 3.02 

CCHC → CHC+C 99 2.03 4.41 3.11 3.06 

CCHC → CCC+H 100 1.76 4.76 4.28 3.40 

CHCC → CH+CC 101 2.44 4.84 4.14 3.80 

CHCC → CHC+C 102 1.85 4.11 3.67 4.74 

CHCC → CCC+H 103 2.67 3.76 3.35 2.84 

CCC → C+CC 104 2.42 5.57 4.02 3.94 

CH4 → CH3+H 105 1.25 1.56 1.70 1.48 

CH3 → CH2+H 106 1.10 1.96 1.70 1.73 

CH2→ CH+H 107 1.30 2.56 1.51 2.20 

CH → C+H 108 1.35 2.58 1.82 2.60 

CH3CH3 → 

CH3+CH3 
109 2.97 3.40 3.55 2.94 

CH3CH3 → 

CH3CH2+H 
110 1.58 1.95 2.15 1.88 

CH3CH2 → 

CH3+CH2 
111 2.26 3.52 2.81 2.81 
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CH3CH2 → 

CH3CH+H 
112 1.43 2.26 2.05 2.08 

CH3CH2 

→CH2CH2+H 
113 1.42 2.38 1.98 1.86 

CH3CH → 

CH3+CH 
114 2.26 3.81 2.59 2.98 

CH3CH → 

CH3C+H 
115 1.40 3.18 1.66 2.36 

CH3CH → 

CH2CH+H 
116 1.56 2.87 2.03 2.29 

CH3C → CH3+C 117 1.89 3.19 2.48 2.64 

CH3C → 

CH2C+H 
118 1.50 2.59 1.66 1.93 

CH2CH2 → 

CH2+CH2 
119 2.27 3.87 3.10 2.80 

CH2CH2 → 

CH2CH+H 
120 1.35 2.13 1.96 2.15 

CH2CH 

→CH2+CH 
121 2.66 3.99 2.95 3.14 

CH2CH → 

CH2C+H 
122 1.49 2.19 1.67 2.26 

CH2CH → 

CHCH+H 
123 1.66 2.50 1.99 1.99 

CH2C → CH2+C 124 2.53 4.17 3.04 3.41 

CH2C → CHC+H 125 1.61 2.79 2.39 2.02 

CHCH → 

CH+CH 
126 2.07 4.97 3.10 3.31 

CHCH → 

CHC+H 
127 1.47 2.86 2.43 2.30 

CHC → CH+C 128 2.45 4.66 3.36 3.50 

CHC → CC + H 129 1.88 2.89 3.02 3.01 

CC → C+C 130 3.01 5.13 4.37 3.76 
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B.2 Hyperparameters and Experimental Dataset 

 

B.2.1 Hyperparameters for Model Variances 

As the results of calibration problems are dependent on both the prior distribution and the 

hyperparameters chosen to represent the variances, non-informative hyperparameters 

were chosen for these models.1-3  

Table B.3: Hyperparameters for shape and scale of the inverse gamma prior distributions 

to describe the variances in the models. 

 

B.2.2 Experimental Dataset  

Table B.4: Experimental conditions and reported results for the experiment as replicated 

in this study.4  

 

 

 

 

 

 

 

 

 

 

 

Hyperparameters Log10(TOF) Logit(Selectivity)

α 3 3

β 1 1

Temperature (K) 792

PPropane (bar) 0.29

PH2 (Bar) 0.09

TOF (1/s) 0.6

Selectivity to Propylene 98%

Reported Experimental Data
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B.3 Additional Information for Microkinetic Modeling   

B.3.1 Site Occupation by Surface 

We studied the same reaction pathways on each of the surfaces, with the exception 

of transition state #80 for PtSn/Pt(100), where the transition state was not found. We note 

that the geometry and number of occupied sites for the lowest energy adsorbed species 

depends on the surface, as the surface facets are different from each other. This study 

defines that one Pt or Sn atom is one site.  We used this methodology for all carbon 

containing species. For atomic hydrogen, we assumed that one H atom covers one site, 

regardless of the most stable adsorption site, due to its small size and weak self-interactions 

on each of the surfaces. This information can be read in Table B.5.  

Table B.5: Number of sites occupied by each adsorbed species on Pt(100), Pt(111), 

Pt(211) 

  Number of Sites Occupied 

Adsorbed Species Pt3Sn/Pt(100) PtSn/Pt(100) Pt3Sn /Pt(111) Pt2Sn /Pt(211) 

CH3CH2CH3 1 1 1 1 

CH3CHCH3 1 1 1 1 

CH3CH2CH2 1 1 1 1 

CH3CHCH2 2 2 2 2 

CH3CH2CH 2 2 2 2 

CH2CH2CH2 2 2 2 2 

CH3CCH3 2 2 2 2 

CH3CH2C 4 4 3 3 

CH2CH2CH 3 3 3 2 

CH2CHCH2 2 2 3 2 

CH3CHCH 3 3 3 3 

CH3CCH2 3 3 3 3 

CH3CHC 3 3 3 3 

CH2CH2C 4 4 3 3 

CHCH2CH 4 4 3 4 

CH2CHCH 3 3 3 3 

CH2CCH2 3 3 4 3 

CH3CCH 4 4 3 3 

CH3CC 4 4 3 4 

CH2CHC 3 3 3 4 
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CHCHCH 4 4 4 4 

CHCH2C 4 4 4 4 

CH2CCH 3 3 4 4 

CH2CC 4 4 4 4 

CHCHC 4 4 3 4 

CCH2C 4 4 5 5 

CHCCH 4 4 5 4 

CCHC 6 6 5 4 

CHCC 4 4 5 4 

CCC 6 6 5 4 

CH3CH3 1 1 1 1 

CH3CH2 1 1 1 1 

CH3CH 2 2 2 2 

CH3C 4 4 3 3 

CH2CH2 2 2 2 2 

CH2CH 2 2 3 3 

CH2C 3 3 3 3 

CHCH 4 4 3 4 

CHC 4 4 4 4 

CC 4 4 4 4 

CH4 1 1 1 1 

CH3 1 1 1 1 

CH2 2 2 2 2 

CH 4 4 3 3 

C 4 4 3 4 

H 1 1 1 1 
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B.3.2 Lateral Interactions 

 

To describe the lateral interactions on all of our surfaces, we used the same 

methodology as in Zare et al. and Fricke et al.1,5 

𝐺𝑎𝑑𝑠,𝑖(𝜃𝑗) = 𝐺𝑎𝑑𝑠,𝑖(0) +∑𝛼𝑖,𝑗𝜃𝑗
𝑗

 (𝐵. 1) 

where 𝐺𝑎𝑑𝑠,𝑖(𝜃𝑗) is the adsorption free energy of species i, with coverage of species j, 

𝐺𝑎𝑑𝑠(0) is the energy of the adsorbed species on a clean slab, 𝜃𝑗  is the coverage of species 

j on the surface, and 𝛼𝑖,𝑗 is the lateral interaction parameter between species i and j. All 

lateral interactions are calculated between coverages of 25% and 50%.  

𝛼𝑖,𝑗 =
1

𝜃𝑗
(𝐺𝑎𝑑𝑠,𝑖(𝜃𝑗) − 𝐺𝑎𝑑𝑠,𝑖(0) (𝐵. 2) 

The lateral interaction parameter, 𝛼𝑖,𝑗, is calculated as the difference between the 

adsorption energy of species i and the lateral interaction species j at coverage of 𝜃𝑗  and 

the adsorption energy of species i at 0 species j coverage. 

 From finding 𝛼𝑖,𝑗, we calculate the transition state free energy, using the below 

equations:  

𝐺𝑘
𝑇𝑆(𝜃𝑗) = 𝐺𝑘

𝑇𝑆(0) +∑(𝛽𝑘,𝑗𝜃𝑗
𝑗

) (𝐵. 3) 

𝛽𝑘,𝑗 =
1

2
∗∑𝛼𝑖,𝑗

𝑘

𝑖

(𝐵. 4) 

where 𝐺𝑘
𝑇𝑆(𝜃𝑗) is the transition state energy for reaction k at surface coverage of species j, 

𝐺𝑘
𝑇𝑆(0) is the transition state energy for reaction k on the clean surface, and 𝛽𝑘,𝑗 is the 
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lateral interaction term for reaction k over all species i involved in the reaction described 

by transition state k. Thus, 𝛽𝑘,𝑗 is calculated as the sum of the products and reactants lateral 

interactions and divided by 2, as we assume that the transition states are half of the reactant 

and product states. 

 

Figure B.1: Differential Gibbs free energy of adsorption of acetylene on Pt3Sn/Pt(100). 

Lateral interactions for acetylene were calculated between 1 and 3 acetylenes on the 

surface.   
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Figure B.2: Differential Gibbs free energy of adsorption of carbon on Pt3Sn/Pt(100). 

Lateral interactions for carbon were calculated between 1 and 3 carbons on the surface.   
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Table B.6. Lateral interactions on Pt3Sn/Pt(100). 

Pt(100) Lateral Interaction Parameters (eV/coverage) 

Adsorbed Species (i) αi,CHCH αi,C 

CH3CH2CH3 0.01 0.19 

CH3CHCH3 0.36 0.36 

CH3CH2CH2 0.19 0.30 

CH3CHCH2 0.20 -0.15 

CH3CH2CH 0.30 0.62 

CH2CH2CH2 0.31 -0.47 

CH3CCH3 0.15 0.28 

CH3CH2C 0.23 -0.35 

CH2CH2CH 0.01 0.28 

CH2CHCH2 0.31 0.64 

CH3CHCH 0.19 0.45 

CH3CCH2 0.19 1.08 

CH3CHC 0.20 0.65 

CH2CH2C 0.21 0.41 

CHCH2CH 0.23 0.55 

CH2CHCH 0.38 1.03 

CH2CCH2 0.46 0.88 

CH3CCH 1.17 1.53 

CH3CC 0.34 0.57 

CH2CHC 0.33 0.74 

CHCHCH 0.37 0.70 

CHCH2C 0.46 0.55 

CH2CCH 0.27 -0.15 

CH2CC 0.63 -0.54 

CHCHC 0.76 0.49 

CCH2C 1.23 -0.07 

CHCCH 0.02 0.40 

CCHC 1.82 2.14 

CHCC 0.99 1.11 

CCC 0.23 -0.30 

CH3CH3 0.25 0.35 

CH3CH2 0.77 0.99 

CH3CH 0.36 -0.31 

CH3C 0.31 0.35 

CH2CH2 0.18 0.47 

CH2CH 0.33 0.62 

CH2C 0.26 0.51 

CHCH 0.88 0.44 

CHC 0.31 0.66 

CC 0.27 0.50 
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CH4 0.12 0.11 

CH3 0.34 0.37 

CH2 0.24 0.46 

CH 0.29 0.49 

C 0.38 0.55 

H 0.10 0.40 
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B.4 Microkinetic Modeling Results without Uncertainty Quantification 

 
Table B.7: BEEF-vdW (without uncertainty quantification) predicted turnover 

frequencies (TOF), selectivity to propylene, and free sites on surface. 

 

Table B.8:  BEEF-vdW (without uncertainty quantification) predicted apparent activation 

energies 

 

Table B.9:  BEEF-vdW (without uncertainty quantification) predicted reaction orders in 

propane 

 

  

Pt3Sn/Pt(100) PtSn/Pt(100) Pt3Sn/Pt(111) Pt2Sn/Pt211

TOF Propane Consumption (1/s) 7.08 4.08 × 10
-3

2.17 × 10
-2

1.33 × 10
-1

TOF Propylene (1/s) 7.68 × 10
-1

3.96 × 10
-3

1.48 × 10
-2

1.27 × 10
-1

TOF Propyne (1/s) 6.80 × 10
-8

6.20 × 10
-6

5.59 × 10
-4

4.86 × 10
-3

TOF Ethane (1/s) 1.14 × 10
-3

1.49 × 10
-8

4.32 × 10
-7

5.07 × 10
-6

TOF Ethylene (1/s) 6.23 1.10 × 10
-4

5.83 × 10
-3

6.42 × 10
-4

TOF Ethyne (1/s) 2.57 × 10
-3

5.46 × 10
-6

3.87 × 10
-4

1.21 × 10
-5

TOF Methane (1/s) 6.38 1.15 × 10
-4

6.28 × 10
-3

6.59 × 10
-4

Selectivity to Propylene 10.9% 97.0% 68.6% 95.8%

Free Sites on Surface 92.4% 99.3% 99.5% 100.0%

Pt3Sn/Pt(100) PtSn/Pt(100) Pt3Sn/Pt(111) Pt2Sn/Pt(211)

Propane Consumption 1.83 2.52 2.36 2.26

Propylene 2.02 2.51 2.37 2.25

Propyne 2.65 2.95 2.04 2.44

Ethane 2.20 3.35 2.83 2.84

Ethylene 1.80 2.86 2.39 2.65

Ethyne 1.97 3.13 1.95 2.78

Methane 1.81 2.87 2.37 2.65

Apparent Activation Energy (eV)

Pt3Sn/Pt(100) PtSn/Pt(100) Pt3Sn/Pt(111) Pt2Sn/Pt(211)

Propane Consumption 0.77 1.00 1.01 1.00

Propylene 0.86 1.00 1.01 1.00

Propyne 1.42 1.00 1.01 1.00

Ethane 0.75 1.00 1.02 1.00

Ethylene 0.76 1.00 1.01 1.00

Ethyne 0.95 1.00 1.01 1.00

Methane 0.75 1.00 1.01 1.00

Propane Reaction Order
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Table B.10: BEEF-vdW (without uncertainty quantification) predicted reaction orders in 

H2  

 

Table B.11: BEEF-vdW (without uncertainty quantification) predicted degree of kinetic 

rate control for the propane to propylene dehydrogenation pathway on Pt3Sn/Pt(100)  

 

Table B.12: BEEF-vdW (without uncertainty quantification) predicted degree of kinetic 

rate control for the propane to propylene dehydrogenation pathway on PtSn/Pt(100)  

 

  

Pt3Sn/Pt(100) PtSn/Pt(100) Pt3Sn/Pt(111) Pt2Sn/Pt(211)

Propane Consumption 0.35 -0.46 -0.02 -0.29

Propylene 0.51 -0.41 0.04 -0.28

Propyne -1.24 -0.51 -0.48 -0.56

Ethane 1.43 -0.27 0.95 -0.32

Ethylene 0.28 -1.58 -0.05 -0.83

Ethyne -0.65 -2.15 -1.01 -1.75

Methane 0.32 -1.61 -0.12 -0.84

H2 Reaction Order

CH3CH2CH3 → 

CH3CHCH3+H

CH3CH2CH3 → 

CH3CH2CH2 +H

CH3CHCH3 → 

CH3CHCH2+H

CH3CH2CH2 → 

CH3CHCH2+H

Propane Consumption 0.57 0.21 0.01 0.01

Propylene 0.34 0.50 0.25 0.34

Propyne 1.33 0.08 -0.05 -0.02

Ethane 0.62 0.13 -0.03 -0.03

Ethylene 0.60 0.17 -0.02 -0.03

Ethyne 0.80 0.16 -0.03 -0.03

Methane 0.59 0.17 -0.02 -0.03

DKRC, Pt3Sn/Pt(100)

CH3CH2CH3 → 

CH3CHCH3+H

CH3CH2CH3 → 

CH3CH2CH2 +H

CH3CHCH3 → 

CH3CHCH2+H

CH3CH2CH2 → 

CH3CHCH2+H

CH3CH2CH2 → 

CH3CH2CH+H

Propane Consumption 0.00 0.17 0.09 0.11 0.61

Propylene 0.00 0.17 0.09 0.11 0.63

Propyne 0.03 0.00 -0.02 0.00 0.01

Ethane 0.00 0.00 0.00 0.00 -0.03

Ethylene 0.00 0.18 0.00 0.00 -0.15

Ethyne 0.00 0.18 0.00 -0.02 -0.15

Methane 0.00 0.18 0.00 -0.03 -0.15

DKRC, PtSn/Pt(100) 
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Table B.13: BEEF-vdW (without uncertainty quantification) degree of kinetic rate 

control for the propane to propylene dehydrogenation pathway on Pt3Sn/Pt(111) 

 

Table B.14: BEEF-vdW (without uncertainty quantification) degree of kinetic rate 

control for the propane to propylene dehydrogenation pathway on Pt2Sn/Pt(211) 

 

 

 

 

 

 

 

 

 

 

CH3CH2CH3 → 

CH3CHCH3+H

CH3CH2CH3 → 

CH3CH2CH2 +H

CH3CHCH3 → 

CH3CHCH2+H

CH3CH2CH2 → 

CH3CHCH2+H

Propane Consumption 0.49 0.48 0.00 0.01

Propylene 0.66 0.31 0.02 0.16

Propyne 0.68 0.30 -0.19 -0.11

Ethane 0.08 0.89 -0.02 -0.36

Ethylene 0.05 0.92 -0.01 -0.38

Ethyne 0.08 0.89 -0.02 -0.36

Methane 0.05 0.92 -0.01 -0.37

DKRC, Pt3Sn/Pt(111) 

CH3CH2CH3 → 

CH3CHCH3+H

CH3CH2CH3 → 

CH3CH2CH2 +H

CH3CHCH3 → 

CH3CHCH2+H

CH3CH2CH2 → 

CH3CHCH2+H

Propane Consumption 0.25 0.16 0.02 0.52

Propylene 0.27 0.16 0.02 0.55

Propyne 0.04 0.21 -0.04 -0.20

Ethane 0.00 0.22 0.00 -0.21

Ethylene 0.00 0.22 0.00 -0.21

Ethyne 0.00 0.22 0.00 -0.21

Methane 0.00 0.22 0.00 -0.21

DKRC, Pt2Sn/Pt(211) 
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B.5 BEEF-vdW with Ensembles (BMwE) Forward-Only Additional Results 
Table B.15: Site coverages for prior models 

  Average Site Coverages (%) 

Species Pt3Sn/Pt(100) PtSn/Pt(100) Pt3Sn/Pt(111)  Pt2Sn/Pt(211)  

Free 

Sites 81.8 96.0 95.7 99.2 

CHCH 3.24 0.00 0.00 0.00 

C 4.79 0.03 0.23 0.00 

H 3.59 3.75 1.18 0.27 

Other 7.32 0.19 2.90 0.50 

 

Table B.16: Selectivity to different products for prior models 

 

 

 

Figure B.3: Degree of kinetic rate control (DKRC) measuring TOFPropylene for the prior only 

model for elementary steps with generally positive DKRC. 

 

Species Pt3Sn/Pt(100) PtSn/Pt(100) Pt3Sn/Pt(111) Pt2Sn/Pt(211)

Propylene 36.3 31.3 61.6 85.7

Propyne 1.30 0.36 7.63 7.36

Ethane 0.05 0.13 0.03 0.05

Ethylene 38.3 6.47 12.9 1.13

Ethyne 4.29 39.1 8.12 3.37

Methane 19.9 22.8 9.7 2.41

Mean Selectivity (%)
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Figure B.4: Degree of kinetic rate control (DKRC) measuring TOFPropylene for the prior only 

model for elementary steps with generally negative DKRC. 

 

Figure B.5: TOF of propane conversion and selectivity of propane to non-propylene 

products for the prior model on Pt(100), Pt3Sn/Pt(100), and PtSn/Pt(100). 
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Figure B.6: TOF of propane conversion and selectivity of propane to non-propylene 

products for the prior model on Pt(111), Pt3Sn/Pt(111), Pt(211), and Pt2Sn/Pt(211). 
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B.5 BEEF-vdW with Ensembles (BMwE) Calibrated Additional Results 

 

Figure B.7: Degree of kinetic rate control (DKRC) calculated for TOFPropylene for the 

calibrated model. 
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