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Abstract 

Uncertainty analysis, reported experimental literature data, 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 skin 

surface models as potential catalytic sites, these being Pt3Sn/Pt(100), PtSn/Pt(100), 

Pt3Sn/Pt(111), and Pt2Sn/Pt(211), and compares them to the corresponding pure Pt surface sites 

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 data set to evaluate the impact of the 

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

Pt3Sn/Pt(100) is the most active and Pt2Sn/Pt(211) is most selective towards propylene. Active 

sites on the (100) facet have the highest probability of being responsible for C1 and C2 product 

formation (C-C bond cleavage). Increasing the Sn coverage on the (100) surface facet to a 

PtSn/Pt(100) active site leads to a significantly reduced rate and might explain the 

experimentally observed higher selectivity of Sn doped catalysts relative to pure Pt catalysts. 

Next, this study finds that for all surfaces, except PtSn/Pt(100), the rate-controlling steps are the 

first initial dehydrogenation steps alongside some partially rate controlling second 

dehydrogenation steps. For PtSn/Pt(100), only the first dehydrogenation step to CH3CH2CH2* 

and second dehydrogenation steps are rate controlling. Next, the calibrated models for all 

surfaces were found to be selective towards propylene production and model the reported 

turnover frequency successfully. Nevertheless, Pt2Sn/Pt(211) emerges as the active site with 

some (minor) evidence as main active site based on Jeffreys’ scale interpretation of Bayes 
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factors. This observation agrees with prior studies that also find step sites to be most likely the 

most relevant active sites for pure Pt catalysts. Overall, the results indicate that tin, in addition to 

affecting the binding strength of the adsorbed species, prevents deeper dehydrogenation 

(reducing coking) and cracking reactions through increasing activation barriers for unwanted 

side reactions.   
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Introduction 

Propylene production from propane is an industrially important reaction, due to the 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 propylene.2,3 Many experimental studies have been done to evaluate the effect of alloying 

platinum with tin on propane dehydrogenation.4-22    

For example, in Barias et al., Pt and Pt-Sn alloy nanoparticles were evaluated for propane 

dehydrogenation.6 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 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 on platinum-

only catalysts.  

In Wang et al., 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.4 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, maintain a selectivity of 92% to propylene, with minimal effects on 
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the catalytic properties of the particles. Similar results with Sn enriched surfaces for Pt-Sn 

catalysts for propane dehydrogenation were seen by Zhua et al.5  

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 by Wang et al. and Zhua et al.4,5 Specifically, Wang et al. report, based on TEM 

and EDS data, that the Pt-Sn surface alloy remains stable after the propane dehydrogenation 

reaction.4 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 for propane consumption and possibly a low selectivity to propylene.29 

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 data. Given 
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the diversity in Sn distributions in a Pt-Sn alloy, we limit this study to surface skin alloys on a Pt 

core. Likely, such models are most meaningful for small concentrations of Sn given that Sn tends 

to segregate to the surface.4 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 compares the activity and 

selectivity of Pt-Sn alloy catalysts to pure platinum catalysts.  

Methods 

Computational Details 

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

version 5.4.4.30-32 BEEF-vdW was the functional chosen for this study.33 In previous work, it was 

found that BEEF-vdW with its ensembles (BMwE) was more successful in describing platinum 

surface behavior than an alternative method based on multiple DFT functionals 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 criterion was 1 × 10-7 eV, and the force 

convergence criterion was 0.03 eV/Å. To correct for 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 
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was only one imaginary frequency and that it corresponded to the desired bond cleavage. 46 

intermediate species and 130 transition states were optimized for each surface model. Part of the 

reaction network is pictorially described in Figure 1. All elementary reactions considered are 

tabulated in the Supporting Information Table S1-S6.   

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. Figure 2 illustrates 

the four surface-skin models that were chosen based on a potential geometric effect of tin on the 

Pt surface. For example, Pt3Sn/Pt(100) replaces one of the platinum atoms present in each of the 

four-fold hollow sites with a tin atom, while PtSn/Pt(100) replaces two of the platinum atoms 

present in the four-fold hollow site with tin atoms and all of the bridge sites contain a tin atom. 

Pt3Sn/Pt(111) models the effect of tin on some of the fcc and hcp sites such that larger surface-

adsorbed species have to interact with Sn. The Pt2Sn/Pt(211) model was chosen as it modeled 

both the effect of the substitution of tin for platinum on the four-fold hollow site and the fcc and 

hcp sites present near the edge.  While many more different Pt-Sn arrangements are theoretically 

possible, we expect these models allow us to qualitatively understand the effects of Sn alloying 

on the activity and selectivity of the underlying Pt catalyst.  

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) model is a 6 layer, 80 atom slab, with a 15 Å vacuum gap added to prevent 

periodic interactions. All alloys are energetically favored to form, with energies of formation of  

-0.640 eV or greater, with the exception of PtSn/Pt(100), which has a formation energy of +0.01 

eV. We note that while the PtSn/Pt(100) surface is only marginally stable, it was specifically 
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chosen here since Pt(100) was previously found to be the most unselective Pt surface for propane 

dehydrogenation and at a stoichiometric surface Sn coverage all bridge sites must involve both 

Sn and Pt, i.e., a large surface Sn coverage has the potential to significantly change the activity 

and selectivity of the (100) facet. The formation energies of all alloys are summarized in Section 

8 of the Supporting Information (see Table S22). Figure 2 illustrates all surfaces. Surface slab 

parameters and coordinates of all surface intermediates and transition states can be found in the 

Supporting Information as 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 This involves using the 2000 BEEF-vdW ensemble energies 

for each structure together with the optimized mean energies to perform a factor analysis, and 

from that generating the covariance matrix to create the uncertainty and uncertainty correlation 

around each species energy. We believe that the 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 our prior platinum-only study. From the prior 

platinum-only study, some of the intermediates and transition states structures were re-

optimized, and better local minima were obtained. All optimized structures including recently 

updated ones can be found in the Supporting Information. 

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 
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calibrated on, and as such, comparisons will be made between the prior model, without 

calibration, and the posterior model, with calibration. Specifically, the experiment from Barias et 

al. is calibrated against, which was performed at 792 K and at approximately 0.29 bar of propane 

and 0.1 bar H2.
6 The data is calibrated on the turnover frequency of propane and selectivity to 

propylene. Selectivity to propylene is defined as: 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑇𝑂𝐹𝑃𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒

𝑇𝑂𝐹𝑃𝑟𝑜𝑝𝑎𝑛𝑒
                                                         (1) 

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

frequency of propane, defined as number of propylene molecules produced per second per site 

and number of propane molecules consumed per second per site, respectively. 

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

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

similarly to our previous work. 29,44,45 

𝑝(𝐷|𝜃,𝑀) = 𝑝(𝑇𝑂𝐹𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒|𝜃,𝑀) ∗ 𝑝(𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 |𝜃,𝑀) (2) 

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)  

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 (-∞, ∞).  
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Combining the above equations, we find that the full description of the likelihood 

function is: 

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 ) (4)

 

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 Section 3 and Table S7 of the Supporting Information.  

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 free energy of the gas phase species and the 

clean surface slab are subtracted from the free energy of the adsorbed species. 

∆𝐺𝑎𝑑𝑠,𝑖 = 𝐺𝑠𝑙𝑎𝑏,𝑖 − 𝐺𝑠𝑙𝑎𝑏 − 𝐺𝑖,𝑔𝑎𝑠 (5) 
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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 with adsorbed intermediate i, 𝐺𝑠𝑙𝑎𝑏 is the free energy of the clean slab, 𝐺𝑖,𝑔𝑎𝑠 is the free 

energy of the gas phase species. 

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

computed using harmonic transition state theory (hTST).  

∆𝐺𝑗
‡ = 𝐺𝑗

‡ − ∑𝐺𝑎𝑑𝑠,𝑗
𝑅 (6) 

 

𝑘𝑓𝑜𝑟,𝑗 =
𝑘𝐵𝑇

ℎ
𝑒

−
∆𝐺𝑗

‡

𝑘𝐵𝑇 (7) 

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
(8) 

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

 For calculating the entropic contributions to the Gibbs free energy, the harmonic 

approximation was used. There are many questions about the accuracy of the harmonic 

approximation for calculating the entropies of the adsorbed molecules.50-52 While including the 

uncertainty from the entropy calculations into our models is desirable, this was not done here 
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given the difficulty in estimating the correlation of the entropy uncertainty for the various surface 

species. Previous work found that the 95% confidence interval around many species based on the 

functional uncertainty is approximately 0.7 eV; thus, the functional uncertainty is likely much 

larger than the effect of the entropic uncertainty on the Gibbs free energy for small molecules, 

justifying our procedure.29 Nevertheless, in future work we plan on developing procedures for 

properly considering the entropy uncertainty on microkinetic models.  

In all of the Pt-Sn surface model simulations, the free sites made up more than 90% of the 

total sites present on each surface, and so lateral interactions of surface species were not 

considered. However, at the reaction condition, significant surface coverage of hydrocarbon 

species was found for the pure platinum surface models. CH species was found on Pt(111) and 

CHCH species on Pt(100) surface, while free sites are predominant on the Pt(211) surface. A 

linear lateral interaction model was therefore used to account for the effect of surface species on 

adsorption energies and transition state barriers.  Lateral interaction methods and parameters for 

Pt(100) and Pt(111) models are further described in Section 4 of the Supporting Information (see 

Figures S1 and S2 and Table S11). Section 4 of the Supporting Information also contains a 

description of the number of sites occupied by each species on each surface model (Table S9 and 

S10).  

 Reaction orders in H2 and CH3CH2CH3 were calculated using the following equation:  

𝛼𝑖 = (
𝜕 ln(𝑇𝑂𝐹) 

∂ ln(𝑃𝑖)
) 𝑇,𝑃𝑗,𝑗≠𝑖

(9) 

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: 
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𝐸𝑎𝑝𝑝 = −𝑘𝐵 (
𝜕 ln(𝑇𝑂𝐹) 

∂(
1
𝑇)

)

𝑃𝑖

(10) 

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 equation:  

𝑋𝐾𝑅𝐶,𝑖 =

[
 
 
 
 
𝜕 ln(𝑇𝑂𝐹) 

∂ (
∆𝐺𝑖

‡

−𝑘𝐵𝑇
)
]
 
 
 
 

𝑇,𝑃𝑖,∆𝐺𝑖
𝑎𝑑𝑠,∆𝐺𝑗,𝑗≠𝑖

‡

 (11) 

where 𝑋𝐾𝑅𝐶,𝑖 is the degree of kinetic rate control.53-55  

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

intermediates and transition states can be found in Section 1 of the Supporting Information. 

Results and Discussion 

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

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

result. Section IX of the Supporting Information (Figure S8 and S9) illustrate the pairwise 

distributions of log10TOF and selectivity and we observe that relatively low and high rates can be 

found for both low and high selectivities, justifying our statistical approach for analyzing our 

results. Figure 3 describes the distribution of the turnover frequencies for propylene and 

selectivity to propylene for each surface. All simulations 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 shown in this 

figure and described in Table S21 of the Supporting Information, Pt2Sn/Pt(211) is on average the 
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most selective of the surfaces, followed by PtSn/Pt(100), Pt3Sn/Pt(100), and then Pt3Sn/Pt(111). 

It is interesting to note that Pt3Sn/Pt(111), despite showing the lowest selectivity to propylene of 

the four surfaces, has the highest selectivity for propyne. As a result, and as illustrated in Figure 

S5 and S6 of the Supporting Information, it is the active sites on the (100) surface facet that 

display the highest selectivity towards non-C3, i.e., C1 and C2, products (promote C-C bond 

cleavage).  

In contrast, the turnover frequency of propylene and consumption of propane is on 

average highest for Pt3Sn/Pt(100), then Pt2Sn/Pt(211), Pt3Sn/Pt(111), and finally PtSn/Pt(100). 

The selectivity and turnover frequency differences can be viewed as a function of multiple 

factors. One of these factors is the activation energy of key steps surrounding the propane to 

propylene reaction. As shown in Table 1, the selectivity is highest when the barriers for further 

dehydrogenation or cracking of propylene are comparatively high, or activation barriers for 

alternative dehydrogenation of the C3H7 species are higher than the dehydrogenation of C3H7 to 

propylene. This is especially evident for Pt3Sn/Pt(100), where the reaction barrier for competing 

products from the C3H7 intermediate are significantly lower than to the dehydrogenation to 

produce adsorbed propylene. Specifically, Reaction 7, as described in Table 1, which constitutes 

the full dehydrogenation reaction of the central carbon atom, possesses a lower activation free 

energy by 0.23 eV than Reaction 3 which is the dehydrogenation of a terminal carbon to produce 

the desired adsorbed propylene species. For the Pt3Sn/Pt(111) model, the alternative second 

dehydrogenation pathway to non-propylene species is kinetically also favored but only by 0.03 

eV which is clearly within the uncertainty of the DFT calculations. In contrast, for Pt2Sn/Pt(211) 

and PtSn/Pt(100), Reaction 3 is kinetically favored over Reaction 7. Similarly, the terminal 

carbon dehydrogenated propane species can be further dehydrogenated at the terminal carbon 
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(Reaction 11) or dehydrogenated at the central carbon to produce adsorbed propylene (Reaction 

4). For all but the stepped Pt2Sn/Pt(211) surface, this alternative dehydrogenation pathway is 

more kinetically favorable than propylene production, due to the lower activation barrier. 

Finally, the lower observed selectivity to propylene of Pt3Sn/Pt(100) can be further explained by 

the kinetics of the deep dehydrogenation and cracking of propylene. The free energy of the 

transition states for Reactions 20, 22, and 23 are all considerably lower for Pt3Sn/Pt(100) than for 

the two higher selectivity surfaces, PtSn/Pt(100) and Pt2Sn/Pt(211). Also, Pt3Sn/Pt(111) has 

generally higher transition state free energies for most C-C bond cleavage reactions compared to 

Pt3Sn/Pt(100), explaining the relatively higher selectivity to C3 products (propylene and 

propyne), i.e., low selectivity to C1 and C2 products (see Figure S5 and S6).  

Free energy differences of the various states on the different surfaces can largely be 

explained by geometric effects that the substitution of tin has on these alloy surfaces. For 

Pt3Sn/Pt(100) and PtSn/Pt(100), most of the intermediates bind less strongly to the alloy surface 

than to the pure platinum surface, due to most hydrocarbons having to bind to multiple surface 

atoms and some of them containing Sn. This is most evident for carbon on the surface, which 

cannot bind to four platinum atoms at the surface due to the substitution of tin on the surface at 

either 3:1 or 1:1 ratios on these surface alloys on Pt(100). These substitutional effects are most 

pronounced for PtSn/Pt(100), due to its effects on both the bridge and hollow sites. This explains 

the severe decrease in turnover frequency seen in Figure 3 for the PtSn/Pt(100) alloy, even 

though the free site coverages are high, i.e., they are on average 89%, as described in Table S20 

in the Supporting Information.  

Next, a combination of geometric and electronic factors can explain changes in the 

reaction orders for propane and hydrogen gas as a result of Sn alloying. Figure 4 shows that the 
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majority of the alloyed surfaces have a reaction order of 1 for propane, and that reaction orders 

for hydrogen gas predominantly vary from -1.0 to 0.5 for PtSn/Pt(100), Pt3Sn/Pt(111), and 

Pt2Sn/Pt(211) while the mean hydrogen reaction order is about 0, varying from -2.0 to 1.0, for 

Pt3Sn/Pt(100). Reaction orders of close to 1 for propane originate from a low hydrocarbon 

coverage on the surfaces due to the presence of Sn, as described in Table S20 of the Supporting 

Information. The negative and positive reaction orders for hydrogen originate from the 

uncertainty of the adsorption and transition state energies and corresponding changes in the 

reaction mechanism. Hydrogen can block sites leading to negative reaction orders, but surface 

hydrogen can also facilitate the removal of deep dehydrogenated surface species leading to 

positive reaction orders.  

In comparison to the pure metal surfaces, all of the tin-doped surfaces except 

Pt3Sn/Pt(100) show lower activity compared to the pure metal surfaces as shown in Figure 5 and 

6. This trend can be explained by the much higher reaction barriers observed for the 

PtSn/Pt(100), Pt3Sn/Pt(111), and Pt2Sn/Pt(211) surfaces when compared to the pure Pt(100), 

Pt(111), and Pt(211) surfaces, respectively (see also Table S5 and S6). Pt3Sn/Pt(100), however, 

displays a more diverse trend in the reaction barriers relative to Pt(100), as some of the barriers 

are equal or lower than the barriers on Pt(100), hence, the slightly higher activity observed for 

Pt3Sn/Pt(100) relative to Pt(100). Also, Pt3Sn/Pt(100) has generally the lowest reaction barriers 

among the four tin-doped surfaces, likely because of the open surface structure and low Sn to Pt 

ratio in the alloy. It is difficult to compare trends in the selectivity of the pure metal surfaces and 

the tin-doped surfaces as nearly flat distributions are observed for the pure and tin-doped 

surfaces for the (100) and (111) facets. The flat distribution speaks to a high degree of 

uncertainty in the selectivity based on the DFT functional. However, when analyzing the 
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selectivity to C1 and C2 products (Figure S5 and S6), it appears that Sn substitution does not 

change the selectivity significantly but that sites on the (100) facet are more likely responsible 

for undesirable C-C cleavage reactions relative to all other surface facets. If indeed the case, a 

high Sn coverage on the (100) facet could lead to a reduction in C-C cleavage selectivity due to a 

significantly reduced activity of this surface facet (even if the selectivity on the surface facet 

itself does not change significantly). In contrast, Pt(211) and Pt2Sn/Pt(211) both demonstrate a 

high selectivity to propylene; although Pt2Sn/Pt(211) has a tail extending to lower selectivity 

values (due to propyne production), hence, reducing the mean selectivity relative to Pt(211). 

However, the selectivity to C1 and C2 products (Figure S6) remains low independent of Sn 

doping. In general, while propylene desorption is favored on the tin-doped surfaces compared to 

the pure Pt surfaces, due to the weaker adsorption strength and increased reaction barriers as a 

result of the presence of tin, propane consumption and propylene production are reduced across 

all the doped surfaces except for Pt3Sn/Pt(100).  

In this context, we also note that for Pt3Sn/Pt(100), the most important side products are 

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

S21 of the Supporting Information. Acetylene becomes a dominant product on PtSn/Pt(100) due 

to a significantly reduced adsorption strength which permits its desorption. The reduced 

acetylene adsorption strength can again be explained by the high tin coverage and the lack of 

pure platinum bridge sites on PtSn/Pt(100). Ultimately, the production of triple bond species is, 

however, equilibrium limited at practical experimental conversions and hydrogen partial 

pressures (simulation results are performed at fixed pressure, i.e., zero conversion).  

The predicted values for propylene selectivity, and other observable data, are dependent 

on the rate determining steps. Overall, early dehydrogenations steps are rate controlling on all the 



18 
 

surfaces. Figure 7 graphically describes the most important rate controlling steps. On 

Pt3Sn/Pt(100), both first dehydrogenation steps to the CH3CHCH3* and CH3CH2CH2* 

intermediates are partially rate controlling, with the pathway to CH3CHCH3* having a higher 

average degree of rate control. Similar trends to Pt3Sn/Pt(100) are also seen on Pt3Sn/Pt(111) and 

Pt2Sn/Pt(211), however, both steps have more similar degrees of rate control and some degree of 

rate control is observed for the second dehydrogenation steps leading to the production of 

propylene, i.e., CH3CHCH3 → CH3CHCH2 + H and CH3CH2CH2 → CH3CHCH2 + H. In 

contrast, for PtSn/Pt(100), second dehydrogenation steps were found to be partially rate 

controlling alongside only the first dehydrogenation step to CH3CH2CH2*.  

Next, it is interesting to note that the identified rate determining steps based on propane 

consumption are similar to those observed based on the turnover frequency of propylene 

production, as described in the Supporting Information Figures S3 and S4. Initial, terminal 

dehydrogenation is somewhat less rate controlling for propylene production and initial, central 

dehydrogenation is somewhat more rate controlling. Again, for the PtSn/Pt(100) surface initial 

dehydrogenations are less rate controlling than secondary dehydrogenations and as expected, 

deep dehydrogenations to non-propylene products display no or a negative degree of rate control 

for propylene production.  

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 Supporting Information Table S8.  

Calibration informs the model by reducing the prior uncertainty derived from BEEF-vdW such 
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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 degrees of rate control for each surface. As seen in Figures 8 

and 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 1 eV, and the reaction orders in hydrogen gas are between -2 and 0. Calibration 

affects the degree of rate control of the reactions that are kinetically rate controlling, as seen in 

Figure 10. For Pt3Sn/Pt(100), Pt3Sn/Pt(111), and Pt2Sn/Pt(211), the kinetically rate controlling 

steps based on propane consumption remain the same, however, CH3CH2CH3  → CH3CHCH3 + 

H is now more clearly the dominant kinetic rate controlling step and other reactions are only 

partially rate controlling as shown by the high peaks close to zero. For PtSn/Pt(100), calibration 

results show that the first dehydrogenation reaction to CH3CH2CH2* and second 

dehydrogenation reactions to propylene from both CH3CH2CH3* and CH3CHCH3* are all almost 

equally rate controlling contrary to the distribution in the non-calibrated model. Moreso, the 

reaction of CH3CH2CH2 → CH3CH2CH + H, found to be partially rate controlling in the 

uncalibrated model, is no longer observed to be rate controlling in the calibrated model. 

Experimental data can clearly not be explained with a partially rate controlling deep 

dehydrogenation step.  
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Next, the degree of kinetic rate control based on the turnover frequency of propylene is 

shown in Figure S7 of the Supporting Information. There is hardly any difference to the degree 

of rate control based on propane consumption. The only minor difference is observed for the 

PtSn/Pt(100) surface, where CH3CH2CH3  → CH3CHCH3 + H is now also found to be partially 

rate controlling. The similarity between the degree of rate control of propane consumption and 

propylene production is due to the generally 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 2, and then evaluated using Jeffreys’ scale, 

in Table 3.56 We find that there is hardly any evidence supporting any single Pt-Sn model as the 

active site for propane dehydrogenation to propylene. Given the general activity of all the Pt-Sn 

surface model considered, it is likely that all the surfaces participate in the dehydrogenation 

reaction. Although the Bayes factor indicates that the evidence supporting each of the surface 

models as the active site is hardly worthy mentioning, it is still interesting that the Bayes factor 

supporting Pt2Sn/Pt(211) as the active site over each of the other surfaces is highest. We 

previously also observed for the pure Pt surfaces that the step site has the highest likelihood of 

being the most relevant active site. In this context, Table S21 also shows that Pt2Sn/Pt(211) has 

the highest selectivity to propylene and other side products such as propyne, ethylene, ethyne, 

and methane are largely produced on the other Pt-Sn surface sites.   

 Studying the uncertainty within the functional energies and how they propagate through 

the microkinetic models helps generate a fuller understanding of the behavior of the chemistry on 

catalysts. Incorporating uncertainty allows for a more evidence-based understanding of reactions 

and helps create a fuller picture of the results. This can be seen in the comparisons of the 

microkinetic model results without incorporating uncertainty, as described in the Supporting 
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Information Table S12-S19. Major differences can be seen between the prior models of 

PtSn/Pt(100) and Pt2Sn/Pt(211). Bayesian models with functional uncertainty showed a higher 

average selectivity on Pt2Sn/Pt(211) compared to PtSn/Pt(100), while regular MKM models 

without functional uncertainty displays a higher selectivity to propylene for PtSn/Pt(100). This 

difference is due to small changes in the reaction energies and barriers leading to significant 

changes in the favorability of propylene desorption versus deeper dehydrogenation and 

undesirable side product formation on PtSn/Pt(100). These differences are critical for further 

understanding how reactions may proceed over Pt-Sn based catalysts. Calibration allows us to 

evaluate the model’s fit to the data and directly shows us how informing on the data points 

impacts our models. It also allows for generation of evidence, allowing for direct comparisons of 

active site models which (with a sufficient number of experimental data at different reaction 

conditions) can help identify active sites and reaction mechanisms.  

Conclusions 

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

over Pt-Sn catalysts, multiple elementary reactions for the propane dehydrogenation were studied 

from first principles over four surface models: Pt3Sn/Pt(100), PtSn/Pt(100), Pt3Sn/Pt(111), and 

Pt2Sn/Pt(211). Mean-field microkinetic models were generated to give information that can 

directly be compared to experimental observation. 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 reported experimental data.  
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The prior, uncalibrated models, all show a high free site coverage, indicating a key 

impact of tin on all the platinum-tin surface alloys is reducing coke precursor production. In 

addition, the prior models showed that the addition of Sn leads to reduced activity across the tin-

doped surfaces except for the low Sn coverage surface, Pt3Sn/Pt(100), where a slightly increased 

activity is likely. In other words, the activity modification due to the presence of Sn is surface 

facet dependent. Selectivity distributions for all the tin-doped surfaces are similar to their 

corresponding pure Pt surfaces. Unfortunately, the selectivity varies from 0 to 100% dependent 

on the functional for all but the stepped surfaces. Similar to the pure Pt(211) surface site, 

Pt2Sn/Pt(211) shows the highest selectivity to propylene amongst the Sn-doped surfaces. The 

stepped surfaces are also the only surface facets that are unable to display a high selectivity to C1 

and C2 products. Based on the prior probability density, it is most likely that (100) surface facet 

sites are responsible for most observed C-C cleavage products, although C-C cleavage products 

can be produced on all active site models. We suggest that the experimentally observed higher 

selectivity in the presence of Sn is probably due to a reduced activity of a surface facet in the 

presence of Sn that promotes production of side products, e.g., large amounts of Sn reduce the 

activity of the (100) surface.  

The rate controlling steps for propane consumption and propylene production across all 

surfaces are the first dehydrogenation steps of propane at the central and terminal carbon. Only 

for PtSn/Pt(100) do we observe that the initial dehydrogenation at the central carbon is not rate 

controlling. Instead, the second dehydrogenation steps are partially rate controlling for this 

surface.   

The calibrated model showed all surfaces were highly selective to propylene production, 

and all the probability densities encapsulated the reported turnover frequencies and selectivities. 
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In addition, the rate controlling steps across the surfaces are similar to the uncalibrated models, 

with a somewhat higher probability of the initial C-H activation at the central carbon being most 

rate controlling. Again, the PtSn/Pt(100) surface is an exception to this observation since the 

initial dehydrogenation at the central carbon is not rate controlling on this surface and deep 

dehydrogenation steps remain most likely rate controlling for this surface. Through Bayesian 

inference and Jeffreys’ scale, sites similar to the stepped Pt2Sn/Pt(211) have some evidence to be 

the active site in the experimental catalysts. However, the evidence is small and either more 

experimental data at different reaction conditions are needed or the computational uncertainties 

need to be significantly reduced to conclusively determine the active site for propane 

consumption and propylene production.  

 Though this study was comprehensive in studying surface alloys of different platinum 

facets, there is much debate 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 remain 

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 are likely needed to further refine the calibration 

problem and perform a fuller model analysis. 

 

Supporting Information 



24 
 

Supporting information includes a supporting information portable document file (.pdf) with 

additional analysis and calculation results.  

Optimized calculation geometries have been included as text (.txt) files. 

Acknowledgments 

 This work was supported by the Institute for Cooperative Upcycling of Plastics (iCOUP), 

an Energy Frontier Research Center funded by the U.S. Department of Energy (DOE), Office of 

Basic Energy Sciences under Contract DE-AC-02-07CH11358. In addition, initial partial support 

was provided by the National Science Foundation under grant number CBET-1534260. C.F. also 

acknowledges partial support from the National Science Foundation IGERT program under grant 

number 1250052. Computer resources were used from the National Energy Research Scientific 

Computing Center (NERSC) Contract No. DE-AC02-05CH11231, Pacific Northwest National 

Laboratory (Ringgold ID 130367, Grant Proposal 51711), and the University of South Carolina’s 

High-Performance Computing Group.  



25 
 

Figures and Tables 

 

Figure 1: Dehydrogenation reaction network around C1-3 species.  

 

 

 

Figure 2: The four surfaces evaluated in this study.   
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Figure 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 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 5: Comparison between pure Pt(100) surface as modeled in this work and in Fricke et 

al.29 and its corresponding tin-doped surfaces prior models studied in this work. 

 

Figure 6: Comparison between pure Pt(111) and Pt(211) surfaces as modeled in this work and in 

Fricke et al.29 versus their corresponding tin-doped surface prior models studied in this work.  
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Figure 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). 

 

a.) b.)

c.) d.)
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Figure 8: Calibrated models for TOFs of propylene production and selectivity towards 

propylene on all four Pt-Sn surface models.  
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Figure 9: Calibrated models for apparent activation energies and reaction orders for propylene 

production for all four Pt-Sn alloy surface models. 
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Figure 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 

data.6  

 

  

a.) b.)

c.) d.)
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Table 1: Activation free energy barriers of select reactions that occur early in the 

dehydrogenation mechanism. Energies referenced to gaseous methane and hydrogen at 1 bar and 

792K. All reactions occur on the surface.  

  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 0.92 1.33 1.48 1.35  

CH3CH2CH3 → CH3CH2CH2 +H 2 1.01 1.34 1.59 1.30  

CH3CHCH3 → CH3CHCH2+H 3 0.90 1.39 1.12 0.97  

CH3CH2CH2 → CH3CHCH2+H 4 0.87 1.41 1.05 1.13  

CH3CH2CH3 → CH3+CH2CH3 5 2.62 2.18 3.08 2.58  

CH3CHCH3 → CH3CH+CH3 6 1.89 2.36 2.09 2.25  

CH3CHCH3 → CH3CCH3+H 7 0.67 1.56 1.09 1.24  

CH3CH2CH2 → CH3CH2+CH2 8 1.69 2.39 2.01 2.14  

CH3CH2CH2 → CH3+CH2CH2 9 2.38 2.68 2.71 2.71  

CH3CH2CH2 → CH2CH2CH2+H 10 1.03 1.39 1.32 1.31  

CH3CH2CH2 → CH3CH2CH +H 11 0.74 1.37 1.02 1.15  

CH3CH2CH → CH3CH2C +H 14 0.64 1.70 0.58 0.99  

CH3CH2CH → CH3CHCH+H 15 0.86 0.59 0.94 1.00  

CH3CH2CH → CH2CH2CH+H 16 1.17 1.28 1.38 1.68  

CH3CHCH2 → CH3+CHCH2 20 1.53 3.00 2.10 2.06  

CH3CHCH2 → CH3CH+CH2 21 1.94 2.51 2.16 2.28  

CH3CHCH2 → CH3CCH2+H 22 0.78 1.72 1.09 1.62  

CH3CHCH2 → CH3CHCH+H 23 0.85 1.11 1.09 1.58  

CH3CHCH2 → CH2CHCH2+H 24 0.89 0.79 1.22 1.29  

CH2CHCH2 → CH2CCH2+H 38 2.32 2.15 1.09 1.58  

CH3CHCH → CH3+CHCH 39 1.53 2.89 1.77 1.81  

CH3CHCH → CH3CH+CH 40 2.05 3.49 1.80 2.95  

CH3CHCH → CH3CHC+H 41 0.92 1.49 0.61 0.64  

CH3CHCH → CH3CCH+H 42 1.25 2.15 0.90 0.75  

CH3CHCH → CH2CHCH+H 43 1.36 1.87 1.25 0.99  
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CH3CCH2 → CH3+CH2C 44 1.52 2.79 1.57 1.75  

CH3CCH2 → CH3C+CH2 45 0.99 3.00 1.87 2.40  

CH3CCH2 → CH2CCH2+H 46 1.00 1.55 1.17 1.62  

CH3CCH2 → CH3CCH+H 47 0.95 2.15 0.88 0.62  

 

 

Table 2: Evidence and Bayes factor for each Pt-Sn surface as compared to the other Pt-Sn 

surfaces. 

Surface Evidence 

Bayes factor relative to 

Pt3Sn/Pt100 PtSn/Pt100 Pt3Sn/Pt111 Pt2Sn/Pt211 

Pt3Sn/Pt100 3.57×10-3 1.00 0.86 0.85 0.41 

PtSn/Pt100 4.13×10-3 1.16 1.00 0.98 0.47 

Pt3Sn/Pt111 4.20×10-3 1.18 1.02 1.00 0.48 

Pt2Sn/Pt211 8.71×10-3 2.44 2.11 2.08 1.00 

 

Table 3: Jefferys’ scale for Bayes factors, B12 = p(D|M1)/p(D|M2)
56 

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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