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Abstract 
 

Effects of Tin Dispersed on Dealuminated BEA Zeolite on the Activity of Platinum for the 

Dehydrogenation of Propane 

 

by 

 

Natalie Grace Lefton 

 

Doctor of Philosophy in Chemical Engineering 

 

University of California, Berkeley 

 

Professor Alexis T. Bell, Chair 

 

The increasing demand for propene exceeds the capacity for its production by petroleum 

cracking and steam reforming of naphtha, creating what is called a “propene gap.” This gap can 

be filled by the direct dehydrogenation of propane derived from the condensable fraction of natural 

gas produced by the fracking of shale. Prior research has demonstrated that supported Pt 

nanoparticles are quite effective for propane dehydrogenation (PDH) but readily poison due to 

coking. The rate of this process can be reduced by reducing the size of the Pt nanoparticles and 

alloying Pt with a non-noble metal such as Sn, Zn, Fe, etc. A further loss of activity with time on 

stream occurs due to particle agglomeration. This process can be impeded by anchoring Pt 

nanoparticles using a non-noble metal that is incorporated in the support and interacts strongly 

with Pt. This thesis explores the possibility of introducing Sn into the silanol nests of dealuminated 

BEA zeolites to produce Sn/DeAlBEA and then dispersing Pt onto this support to produce 

PtSn/DeAlBEA. Characterization of these materials by XRD, UV-vis spectroscopy, XANES, 

EXAFS, and IR spectroscopy of adsorbed pyridine, deuterated acetonitrile, and CO was used to 

develop a detailed understanding of the structures of Sn/DeAlBEA and PtSn/DeAlBEA. This 

information aided the interpretation of the effects of catalyst composition and structure on the 

performance of PtSn/DeAlBEA catalysts for PDH. 

Chapter 2 provides a critical review of the literature on the use of infrared spectroscopy 

(IR) of adsorbed carbon monoxide (CO) to characterize supported Pt. It is noted that the position 

of IR bands for adsorbed CO can depend on CO surface coverage, support identity, Pt oxidation 

state and dispersion, and the identity of additives or promoters (e.g., Sn, Na, K, etc.). Increases in 

CO coverage result in increases in the frequency of adsorbed CO due to dipole-dipole interactions 

of neighboring adsorbates. Increases in Pt electron density (e.g., more negative Pt oxidation state, 

electron-donating promoters, less reducible supports, decreasing Pt particle size) result in 

decreases in the frequency of adsorbed CO. These trends are supported experimentally and 

theoretically. Deconvoluting the interactions of multiple effects is limited to a case-by-case basis. 

The compounding nature of these effects makes determining Pt structure based on the frequency 

of adsorbed CO alone very difficult, if not impossible. Notably, PtSn catalysts have been shown 

to exhibit both blue- and red-shifted IR frequencies of adsorbed CO relative to Pt alone. Therefore, 

while trends in the IR spectrum with increasing Pt/Sn ratio at a fixed Sn/Al ratio are informative, 

definitive statements based on this information are not possible.  
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Chapter 3 discusses the difficulties of using XAS to characterize PtSn/DeAlBEA because 

this material contains multiple Sn and Pt environments. The XANES portion of the XAS provides 

average oxidation states for Sn and Pt, whereas analyses of the EXAFS portion of the data can 

only provide average coordination numbers and backscattering distances between nearest neighbor 

atoms (e.g., Sn-Sn, Sn-O, Pt-Pt, Pt-Sn, Pt-O). Thus, the most effective use of XAS data is to reveal 

systematic changes in the oxidation state and environment as the loading of Sn and Pt in 

Sn/DeAlBEA and PtSn/DeAlBEA change.  

 Chapter 4 discusses the preparation and characterization of Sn/DeAlBEA and their PDH 

activity. XRD and UV-vis spectroscopy reveal the formation of SnO2 for Sn/Al ratios above 0.36. 

Below this ratio, analysis of XAS data demonstrates that Sn/DeAlBEA contains four-coordinated 

Sn(IV) cations located in the BEA framework. Evidence for this species was confirmed by UV-

vis spectroscopy and IR spectroscopy of adsorbed deuterated acetonitrile. The most effective 

means for introducing framework Sn(IV) sites is wetness impregnation with an ethanol solution 

of SnCl2•2H2O. Sn/DeAlBEA was tested for its PDH activity. Sn/DeAlBEA exhibits stable 

activity and decent propene selectivity (>95%). The PDH activity per Sn atom increases as the 

Sn/Al ratio increases. Notably, the PDH activity of Sn/DeAlBEA is significantly lower than that 

of SnOx/SiO2 for the same Sn/nm2 loading. This suggests that open ≡Sn-OH sites are more active 

for PDH than closed Sn(IV) sites. However, the PDH activity of Sn/DeAlBEA is low relative to 

that of PtSn/DeAlBEA. 

Chapter 5 investigates the structure and PDH activities of PtSn/DeAlBEA catalysts as a 

function of the Pt/Al ratio. PtSn/DeAlBEA catalysts were prepared with a range of Pt/Al ratios 

(0.001-0.026) via wetness impregnation. These catalysts are characterized with IR of adsorbed 

probe molecules and XAS to understand the effect of changing Pt loading on the structure of Pt in 

PtSn/DeAlBEA. Pt dispersion on DeAlBEA produces Pt nanoparticles with an average Pt-Pt 

coordination number of 9 for Pt/Al ratios of 0.001. By contrast, dispersion of Pt on Sn/DeAlBEA 

(Sn/Al = 0.15) produces Pt oligomers with an average Pt-Pt coordination number of 3 for Pt/Al = 

0.001, but for Pt/Al ratios > 0.013 Pt nanoparticles form which have a Pt-Pt coordination number 

of 9. This trend is confirmed by IR spectroscopy of adsorbed CO. PtSn/DeAlBEA exhibits high 

selectivity to propene (> 97%) and high dehydrogenation rates. Forward rate constants were 

calculated and compared to values determined and compared to values for various Pt and PtSn 

catalysts reported in the literature. PtSn/DeAlBEA exhibit significantly higher forward rate 

constants than previously reported for Pt and PtSn catalysts. The kinetics of PDH were measured 

for three PtSn/DeAlBEA catalysts with different Pt/Al ratios but identical Sn/Al ratios. In all cases, 

the kinetics are described by a Langmuir-Hinshelwood rate expression, which is first-order in 

propane and is inhibited by propane adsorption. The similarity of the apparent activation energies 

and enthalpies of propane adsorption for all three catalysts suggests that the active species are very 

small Pt3Sn clusters tightly associated with the framework of DeAlBEA. 
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1 Introduction 

1.1 Propane Dehydrogenation Motivation 

Olefins are essential building blocks for bulk chemical production. Specifically, propene 

is a necessary precursor in the production of many high-demand chemicals, including 

polypropylene, acrylonitrile, and propylene oxide.1 Historically, olefins (ethene, propene, butenes) 

have been produced as a by-product of steam cracking and fluidized catalytic cracking (FCC) of 

naphtha and, more recently, ethane.2 Propene demand has continued to increase with time, 

compelling the development of novel pathways for its production.3 Light alkane (methane, ethane, 

propane) production has recently increased due to increased shale gas production through 

hydraulic fracturing.4 Light alkanes can be upgraded to olefins and further to aromatics (benzene, 

toluene, xylene) through dehydrogenation and dehydroaromatization processes, respectively. 

Therefore, increasing propene demand and growing propane production from shale gas support 

the direct dehydrogenation of propane to propene (PDH).5 The endothermicity of PDH (ΔH = 124 

kJ mol-1) results in equilibrium limitations at low temperatures and high partial pressures of 

propane. Often, PDH reactions are performed at high temperatures (> 773 K) and atmospheric 

pressures to avoid these thermodynamic limitations.  

1.2 Pt and PtSn Catalysts for Propane Dehydrogenation 

Supported Pt materials were identified as a dehydrogenation catalyst almost 100 years ago.6 

Since then, Pt catalysts have continued to be widely studied for PDH.5,7–14 Pt- and Cr-based 

catalysts have achieved commercialization, but the toxicity of chromium oxide motivates the 

further investigation of Pt catalysts for PDH.3,7 Recent research work has focused on identifying 

which factors affect the activity, selectivity, and stability of Pt catalysts for PDH. Highly dispersed 

Pt exhibits high activity for PDH,15 and these smaller Pt domains exhibit less coking.16 

Unfortunately, even with high dispersion, supported Pt domains still deactivate during PDH.17–19  

The introduction of Lewis acids (i.e., Sn, Zn, etc.) to disperse Pt produces better stability 

than Pt alone.20,21 The addition of Sn results in more isolated Pt domains, decreasing coking rates 

and increasing PDH activity.16,22–26 While the positive influence of Sn is relatively well-known, 

the proposed effect on Pt structure varies. Many different active sites have been proposed for these 

catalysts, including single Pt atoms, small Pt clusters, and PtSn bimetallic clusters.  

The support also has a significant impact on the resulting Pt structure and PDH behavior. 

Brønsted acid sites on the support can catalyze propane cracking to form ethene and methane 

during PDH.27 This undesired cracking activity can be reduced or eliminated by introducing metal 

sites via ion exchange with Brønsted acidic protons or by removing these acid sites altogether. 

Specifically, dealuminated BEA (DeAlBEA) has shown promise as a relatively well-defined 

siliceous support.28–30 The removal of aluminum from the zeolite framework creates four terminal 

silanol groups in close proximity, known as a silanol nest. The silanol nests of DeAlBEA offer 

stable sites for anchoring Lewis acids (i.e., Zn, Sn), which, in turn, effectively disperse Pt, creating 

catalysts with increased Pt activity and selectivity to propene.20,21,31,32 

While PtSn catalysts have shown promising activity and stability for PDH, rigorous 

characterization of dispersed Pt sites and thorough kinetic studies are lacking. Comparison of these 

many different studies is also difficult as each study chooses its own conditions (e.g., temperature, 

pressure, space velocity). Additionally, the impact of the Pt/Sn ratio on the Pt structure and 

resulting PDH activity has not been widely studied. 
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1.3 Supported Sn Catalysts for Propane Dehydrogenation 

Although Sn catalysts are most often employed for sugar isomerization and other biomass 

conversion reactions,33–35 recent studies have demonstrated that Sn supported on silica has 

considerable activity for propane dehydrogenation.36–41 Several Sn active sites for PDH have been 

proposed, including Sn2+-O-Si species, metallic Sn, and small Sn oxide domains. The 

characterization evidence for these sites remains relatively weak, lacking operando and post-

reaction studies. Additionally, powerful techniques to investigate the Sn environment, like 119Sn 

NMR and XAS, have not been applied to these catalysts despite their widespread use with other 

Sn catalysts.42,43 The lack of thorough studies of Sn catalysts for alkane dehydrogenation and the 

promising stability reported for Sn on silica makes Sn catalysts interesting candidates for further 

research. Relative to PtSn/DeAlBEA, Sn/DeAlBEA exhibits lower propane dehydrogenation 

activity and similar selectivity to propene.32  

1.4 Spectroscopic Characterization of Heterogenous Catalysts 

Characterization of Pt-based PDH catalysts is crucial to establishing active site structures 

and comparing different types of catalysts. IR of adsorbed CO probes the electronic state of the 

metal site and is particularly widely used for Pt sites.44–48 Evidence of metal structures from 

additional characterization is also useful for this process, as the Pt structure cannot be determined 

from IR of adsorbed CO alone.49,50 X-ray absorption spectroscopy (XAS) offers an element-

specific bulk analysis of the materials of interest.51 The fine structure region of the XAS spectrum 

provides coordination numbers and bond distances, and the near-edge region provides information 

about the oxidation state and coordination environment. IR of adsorbed CO and XAS have been 

employed to identify the oxidation state of Pt in Pt and PtSn materials and interactions between Pt 

and Sn.31,52–55  

In this thesis, Sn/DeAlBEA and PtSn/DeAlBEA catalysts for PDH are studied. Chapters 2 

and 3 summarize the advantages and limitations of characterizing Pt- and PtSn-supported materials 

with IR of adsorbed CO and XAS, respectively. Chapter 4 investigates the structure and PDH 

activity of Sn/DeAlBEA materials. In Chapter 5, the nature of Pt sites in PtSn/DeAlBEA is 

examined for a range of Pt/Sn ratios, and the activity and kinetics of PDH over PtSn/DeAlBEA 

are measured. Specifically, the effects of the Pt/Sn ratio on Pt structure and the PDH activity and 

selectivity are investigated. 
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2 Effectiveness of Infrared Spectroscopy of Adsorbed CO as a Probe for Pt 

Environment 

2.1 Introduction 

Infrared spectroscopy (IR) of adsorbed carbon monoxide (CO) is a useful probe for 

identifying the electronic environment of many metals, including platinum. IR spectroscopy of 

adsorbed CO has an advantage over other characterization techniques, including X-ray absorption 

spectroscopy (XAS), in that it is specific to individual sites. This property allows adsorbed CO to 

probe many unique Pt sites simultaneously instead of providing an average of all Pt environments.  

While CO is a widespread IR probe for characterizing platinum catalysts, it is well known 

that the speciation of Pt cannot be unambiguously determined with this technique alone.49,50 The 

experimental observable is the frequency of adsorbed C-O stretch. Several factors can change the 

C-O stretching frequency, including the electronic environment of Pt and the CO surface 

coverage.56 Pt electronic environment can be affected by the dispersion of Pt, Pt oxidation state, 

interactions with the other elements (e.g., Sn, K, Ce), and the support properties. CO surface 

coverage is a function of CO partial pressure, temperature, the time elapsed from dose, and the 

adsorption site identity. It is imperative to discern each of these effects in order to accurately 

interpret the IR frequency of CO adsorbed on Pt. 

Many reviews on Pt catalysts10,13,14,57,58 and IR of adsorbed CO over various metals46,59–63 

have been published; yet, a systematic examination of how these factors specifically influence the 

IR frequency of adsorbed CO is still lacking. Because the factors listed above are often changed 

simultaneously between different types of platinum catalysts and between reported literature 

studies, it is essential to consider each effect individually. In this chapter, we will review the 

influence of these parameters on CO frequency shift and investigate the effectiveness of IR of 

adsorbed CO as a probe for the Pt environment.  
 

2.2 CO Bonding Models 

Theoretical models of CO bonding to various transition metals have been developed; 

however, we will restrict the discussion to the bonding of CO to Pt. The Dewar-Chatt Duncanson 

(DCD) model was introduced to explain the adsorption of C2H4 on Pt,64 but was subsequently used 

to describe CO absorption.65–67 In the DCD model, electrons are donated from the 5σ orbital of 

CO to the unoccupied dz2 orbital of the metal, and electrons are back-donated from the occupied 

dxz orbitals of the metal to the 2π* orbital of CO.68 Both electron donations strengthen the M-C 

bond; the σ donation strengthens the C-O bond (removes electrons from the antibonding 5σ CO 

orbital), while the π electron back-donation weakens it (adds electrons to antibonding 2π* CO 

orbital). The DCD model explains the redshift observed upon CO adsorption but fails to describe 

materials that exhibit blue shifts in CO frequency upon absorption.68 

In 1964, Blyholder proposed a molecular orbital bonding model for CO adsorbed on metal 

sites.69,70 In the Blyholder model, an M-C σ bond is formed between a metal d-orbital and a lone 

pair in an sp2-hybrid orbital on the carbon. The CO σ orbitals are assumed to be the same as in the 

unbound CO. This model also includes a π system formed by the interaction of the C and O 2p 

orbitals and the d orbital of the metal. Mixing these three orbitals results in three new π molecular 

orbitals between the metal and CO: one bonding, one non-bonding, and one antibonding (2π*). 

The more electron-rich metal contributes more electron density to the 2π* orbitals of the CO, 

resulting in a lower CO stretching frequency; as the M-C bonding interaction strengthens, the C-

O bond weakens, so the CO frequency also decreases. The Blyholder model has been found to be 

consistent with experimental IR observations for CO adsorbed on silica-supported Pt71 and 
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theoretical, ab initio modeling for CO adsorbed on a Pt(111) system.72 Notably, many studies have 

also applied the Blyholder model incorrectly, considering only 2π* interaction but not the entire 

hybridized π system.73–76 Additionally, the full Blyholder model has been criticized for not 

accounting for the substantial observed σ orbital mixing or the σ repulsion.77–81 

To address these concerns, Nilsson and Peterson provided an updated theoretical model of 

CO bonding that considers orbital hybridization and mixing, which is referred to as the Blyholder-

Nilsson-Peterson (BNP) Model.82–85 The orbital diagrams for the CO π and σ systems are shown 

in Figure 2.1. The π system of the BNP model has the same allylic configuration as the Blyholder 

and DCD models, but hybridization of the σ orbitals is also considered. The σ system hybridization 

also results in three orbitals: two bonding (4σ and 5σ, closely resembling CO MO’s) and one 

antibonding (dσ, more closely resembling metal, d orbital). Since the Pt d-bands are highly 

occupied, the σ system involves mostly occupied orbitals, resulting in the electron occupation of 

antibonding orbitals. The result is no net bonding in the σ system and a destabilizing effect on CO 

binding to the metal. The main impact of the σ system is the internal redistribution of electrons in 

CO rather than bonding interactions with the metal. X-ray emission spectroscopy (XES) and ab 

initio calculations support the BNP model of adsorbed CO.84,85 Both σ and π interactions increase 

with increasing metal coordination, so these effects partially cancel each other out. Despite 

significant changes in the CO electronic environment, experimentally observed CO adsorption 

energies and IR frequencies do not change significantly.83,84 These trends are consistent with the 

competing effects between π and σ molecular orbitals of the adsorbate-metal complex in the BNP 

model. 

 
Figure 2.1. Orbital diagrams for the A) π and B) σ interactions. These models are based on the adsorption of CO to a 

single Ni atom. Adapted from 84.  

The BNP model predicts that the σ interactions will destabilize the adsorbate-substrate 

complex and predicts that increasing π interactions will weaken the C-O internal bond while 

increasing σ interactions will strengthen it. Both the BNP and Blyholder bonding models can be 

used to explain the observed trends in CO coverage and Pt electronic environment, and they 

capture the observed CO frequency decrease with increasing metal electron density. 

2.3 Discussion 

2.3.1 Effects of CO Coverage 

Isolated Pt species show no change in CO frequency with changes in the fraction of sites 

occupied by CO.47 For non-isolated Pt sites, increasing CO coverage results in a blueshift in 

frequency, as illustrated in Figure 2.2. As the CO coverage is increased by increasing CO partial 

pressure, the CO band frequency will shift to higher frequencies (i.e., closer to that of gas-phase 

CO). 
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Figure 2.2. Change in v12CO frequency with CO coverage. Various coverages were obtained by desorption at 

increasing temperatures of the Pt/Al2O3 sample fully covered by CO at 298K. 86 

The BNP and DCD models do not address the effects of CO coverage. However, Blyholder 

offered two explanations for the blue shift in the C-O vibrational frequency observed with 

increasing CO coverage: decreased available electrons and site heterogeneity.69 In the first case, 

higher coverage results in more competition for electrons, leading to fewer electrons in each orbital 

and an increase in the C-O stretching frequency for adsorbed CO. For the second explanation, if 

different sites exist, the weaker adsorbing Pt sites will only adsorb CO at higher coverages, 

resulting in a band shift to a higher wavenumber. As the CO coverage increases with increasing 

CO partial pressure, the CO band frequency will shift to higher frequencies (i.e., closer to that of 

gas-phase CO). As an alternative, Hammaker proposed that dipole-dipole interactions of 

neighboring CO adsorbates influence the shift in C-O frequency.87 As CO coverage increases, the 

number of neighboring adsorbed CO molecules on the surface increases. Repulsion between these 

neighboring CO adsorbates weakens the strength of CO adsorption, increasing the C-O frequency. 

Experimental IR studies with mixtures of 13CO and 12CO have measured a 30 cm-1 change in the 

frequency of CO from coverage fractions of 0.1 to 1.56,86,88–92 DFT studies have validated a dipole-

dipole contribution to shifts in CO frequency.56 It should be noted that this dipole-dipole 

explanation for the observed blue shift in the CO vibrational frequency is most commonly given 

in the experimental literature. While some authors have claimed that dipole-dipole interactions are 

the sole reason for any CO frequency shift with coverage; however, evidence to support this claim 

universally is still lacking.93 In summary, increasing CO coverage results in a blue shift IR peak 

for adsorbed CO; CO dipole-dipole interactions, decreased electron availability, or differences in 

CO heats of adsorption can explain this shift. 

The observed blue shift with increasing CO coverage is extremely important to consider 

when comparing literature results and investigating other effects of IR spectroscopy of adsorbed 

CO. Reported results are commonly measured at low CO coverages, but exact coverage values are 

not included. While most studies consistently control CO coverage (i.e., taking spectra at the 

constant temperature and time point after CO dose), many do not report the CO pressure, the flow 

rate of CO, or CO coverage at the time of measurement. If included, conditions are often different, 

making comparisons at constant CO coverage across literature complex if not impossible. 

Additionally, one should note that the frequency shifts reported by different authors working with 
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dispersed Pt nanoparticles, as opposed to single crystal facets of Pt, cannot be readily compared 

because of differences in the size and morphology of the Pt nanoparticles and their coverage by 

CO, issues that are discussed in more detail below. The blue shift in IR frequency of adsorbed CO 

observed with increasing CO coverage can complicate the direct comparison of results between 

different studies. 

2.3.2 Platinum Oxidation State 

Platinum readily occurs in 0, 2+, and 4+ oxidation states. IR peaks above 2100-2101 cm-1 are 

attributed to CO adsorbed linearly on positively charged Pt species.44–46 This assignment can be 

explained theoretically. For positively charged Pt species, there are fewer d-electrons to be back 

donated to CO, resulting in a stronger C-O bond and a higher frequency. These high-frequency IR 

peaks are observed for CO adsorbed on positively charged supported Pt species44–46 and positively 

charged Pt organometallic complexes.94,95 These IR peaks of adsorbed CO are also found to 

disappear with reduction and reappear with oxidation,96 further supporting their assignment to Pt 

species in higher oxidation states. Metallic Pt species interacting with linearly adsorbed CO 

exhibits IR peaks in the range of 2050-2100 cm-1. 48 Reduction experiments also support this 

assignment.96 Additionally, DFT and experimental results agree that CO on Pt38 alone exhibits a 

peak at 2075 cm-1.48 

CO can also exhibit peaks in the range of 1900-1550 cm-1, corresponding to CO bridging 

across two neighboring metal sites.46 These bridging peaks are generally seen for zero valent 

metallic particles,97–100 but have also been observed for organometallic complexes.101 The bridging 

bands are broader and have lower relative extinction coefficients than linear CO.47 Because of this, 

it is easy to miss these bridging peaks, especially when they are low in intensity. While a peak in 

this lower frequency range indicates Pt clustering, its absence cannot definitively indicate that Pt 

clusters do not exist.  

To summarize, CO peaks observed above 2100 cm-1 are attributable to positively charged 

Pt; CO peaks between 2100-2050 cm-1 are attributable to metallic Pt; and CO peaks observed 

between 1900-1550 cm-1 are attributable to bridge bonded CO. 

2.3.3 IR Frequencies of CO on Unsupported Platinum 

2.3.3.1 Platinum Complexes 

Stretching frequencies for various homogeneous Pt complexes are presented in Table 2.1. 

These results highlight the effect of oxidation state, with positive Pt species exhibiting higher CO 

frequencies (>2150 cm-1) and Pt0 and Pt clusters exhibiting CO frequencies below 2060 cm-1. 

Organometallic Pt clusters show an increase in CO frequency with increasing Pt coordination 

numbers.102 It is important to note that there are potential effects of other ligands on the electronic 

state of Pt; complexes with ligands such as Br and Cl have been excluded for comparison here.95 

In addition to illustrating the effects of Pt oxidation state and clustering, this platinum complex 

data set shows the wide range of potential CO stretching frequencies.  
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Table 2.1.IR Stretching Frequencies of CO in Unsupported Pt Complexes  

Species CO IR Frequencies (cm-1) Reference 

Pt(CO)4 2053 45103 

Pt(CO)3 2049 103 

Pt(CO)2 2059 103 

Pt(CO) 2054 103 

[[Pt(CO)3]2]2+ 2195, 2186, 2174 94 

cis-[Pt(CO)2]2+ (solv.) 2218, 2182 94 

[Pt3(CO)3(𝜇2CO)3]2-
 2 1990, 1818, 1795 101 

[Pt3(CO)3(𝜇2CO)3]2-
 3 2030, 1855, 1842, 1835, 1810 101 

[Pt3(CO)3(𝜇2CO)3]2-
 4 2045, 2025, 1880, 1860, 1840, 1828 101 

[Pt3(CO)3(𝜇2CO)3]2-
 5 2055, 1890, 1870, 1840, 1825 101 

[Pt6(CO)12]2- 1970, 1790 102 

[Pt9(CO)18]2- 2005, 1810 102 

[Pt12(CO)24]2- 2025, 1830 102 

[Pt15(CO)30]2- 2040, 1850 102 

Pt0, Pt2+, Pt clusters 

2.3.3.2 Platinum Single Crystals 

For bulk single crystals, the Miller indices of the surface and the CO coverage affect the 

CO stretching frequencies. Low Miller index facets exhibit CO frequencies in the ranges of 2062-

2105 cm-1 and 1850-1877 cm-1, attributed to linear and bridging CO on Pt0, respectively. Different 

facets will have a different number of broken bonds: the {110} facet has five broken bonds, the 

{100} facet has four broken bonds, and the {111} facet has three broken bonds. CO bonding 

models and experiments suggest that with increasing undercoordination (i.e., more broken bonds), 

the CO frequency will decrease. In other words, the higher CO adsorption energy on 

undercoordinated sites will result in lower CO frequency vibration, while increasing coordination 

number will result in higher CO frequency.104  

A summary of literature reported CO frequencies over Pt{111}, Pt{110}, and Pt{100} 

single crystals are presented in Figure 2.3. For the most part, the data reported in the literature 

follows the trend of CO adsorbed on the {110} surface having the highest frequencies, followed 

by {100} and {111}. The difference in CO coverage can partially explain these deviations from 

this trend. These samples exhibit blueshifts of 35-18 cm-1 with increasing CO coverage, which 

easily compensate for variations.  

 
Figure 2.3. Reported IR Frequencies of CO Adsorbed on Pt Single Crystals. (A) reported values at low CO coverage 

( <0.2); (B) reported values at high coverage (>0.8). Data from references: 105–117 
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In summary, platinum single crystals exhibit CO vibrational frequencies corresponding to 

linear CO on Pt0 (2062-2105 cm-1) and bridging CO on Pt0 (1850-1877 cm-1).  

2.3.4 Supported Isolated Platinum 

The vibrational frequency for CO adsorbed on isolated Pt sites does not exhibit shifts with 

CO coverage.118 Isolated Pt atoms have no neighboring Pt atoms to adsorb CO and hence do not 

experience dipole-dipole interactions with neighboring adsorbates or site heterogeneity to cause 

the blueshift. Consequently, IR spectroscopy of adsorbed CO with temperature programmed 

desorption (TPD) is a good indicator of Pt site isolation, in addition to established techniques such 

as extended x-ray absorption fine structure (EXAFS) and high-angle annular dark-field scanning 

transmission electron microscopy (HAADF STEM).58 It is worth noting that the definitive 

characterization of single-atom catalysts is complex, especially in determining active site 

geometry. Additionally, the characterized structure is not guaranteed to be maintained under 

reaction conditions.14 

Isolated Pt species often exhibit CO frequencies higher than those seen for Pt0 

nanoparticles.118–123 This blue shift can be partially explained by increased support interactions for 

single Pt atoms. Since these supports are metal oxides, they are less electron-donating than Pt, 

which creates more electron-deficient Pt. For example, Christopher has reported the frequency of 

CO adsorbed on isolated Pt (confirmed by CO desorption) as 2102 cm-1.47,124 This blue shift in CO 

frequency relative to CO adsorbed on Pt clusters is consistent with an electronically deficient Pt in 

strong interaction with reducible TiO2 support. 

Peak position alone cannot be used to assign Pt isolation because the oxidation state of the 

atom and its interaction with the support can also influence the C-O vibrational frequency. Table 

2.2 compares the IR frequency of adsorbed CO on isolated Pt for a variety of supports. Each of 

these samples has confirmed Pt isolation via CO TPD, HAADF STEM, or XAS. Some debate 

around the degree of isolation of Pt on CeO2 exists due to the ability of CeO2 to oxidize Pt and 

easily interconvert Pt between raft-like structures and single atoms.50 This behavior could explain 

some of the disparity of reported CO frequencies for Pt/CeO2. 

Table 2.2. IR of Adsorbed CO on Isolated Pt Over Different Supports 

Pt wt.% Support 
EA* 

(eV) 
IR (cm-1) CO TPD 

HAADF 

STEM 
XAS ref 

0.3 Al2O3 12.82 2070  Y Y 53 

0.2 Al2O3 12.82 2084  Y Y 125 

1 CeO2 7.64 2090  Y Y 126 

1 CeO2 7.64 2112  Y Y 121 

1 CeO2 7.64 2098  Y Y 122 

0.22 CeO2 7.64 2089  Y  127 

0.27 CeO2 7.64 2095  Y Y 128 

1 CeO2 7.64 2095 Y Y  129 

0.17 Fe2O3  2080 Y Y Y 130 

0.25 meso Fe2O3  2073 Y Y  131 

0.05 MgO 9.79 2085  Y Y 132 

0.82 Mn2O3  2099 Y Y Y 123 

0.82 Mn3O4  2099 Y Y Y 123 

0.025 TiO2 4.53 2112 Y Y  133 

0.025 TiO2 4.53 2112 Y  Y 118 

0.5 HZSM-5 7.44 2115 Y Y  120 

0.22 Y 7.44 2116  Y Y 119 

* EA is energy affinity from reference 134  
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In summary, isolated Pt exhibits no shift in C-O vibrational frequency with CO coverage 

and a blueshift in the CO frequency (2116-2070 cm-1) relative to CO adsorbed on bulk Pt. Support 

composition can also have a significant influence on these vibrational frequencies. 

2.3.5 Effect of Pt Dispersion 

Previous work has shown some agreement between supported Pt and homogenous Pt 

complexes.135 Small platinum particles result in low CO vibrational frequencies.136 This redshift 

is consistent with stronger binding of CO to smaller Pt particles relative to larger ones. Stronger 

Pt binding will result in a weaker C-O bond, causing a lower frequency stretch.137 Additionally, 

well-coordinated Pt sites have been shown to result in higher CO frequencies than under-

coordinated Pt sites.138,139 This assignment partially explains Pt dispersion effects on IR frequency 

of adsorbed CO. Well-coordinated Pt sites exhibit higher CO frequencies; small particles have 

fewer of these sites and therefore exhibit lower frequencies.137 These trends are nicely presented 

in the combined DFT and DRIFTS study showing the redshift with decreasing particle size and 

how the fraction of sites changes with particle size.140 This trend in site changes with particle size 

is illustrated in Figure 2.4. In brief, decreasing Pt particle size leads to a decrease in CO frequency. 

 
Figure 2.4. Effect of Pt Particle Size. A) Hard sphere models of Pt nanoparticles of different sizes between 1.07 nm 

(55 atoms) and 3.51 nm (1214 atoms). Adapted from 140 B) Calculated total and relative number of corner, edge, and 

terrace atoms for Pt particles of different sizes, assuming a truncated octahedron geometry and perfectly uniform 

particle size distribution. Adapted from 141 C) Evolution of the COads stretch frequency as a function of the Pt particle 

size. The horizontal lines indicate the particle size distribution. Results are for Pt colloid solutions. Adapted from 136 

2.3.6 Effect of Support Material  

Theoretically, a support can donate or withdraw electron density from Pt atoms. If support 

withdraws electron density from Pt, the CO frequency will increase; if support contributes electron 

density to Pt, then the CO frequency will decrease. It is also important to note that supports can 

influence Pt morphology, with some supports more readily stabilizing more dispersed Pt 

nanoparticles than others. In this way, even samples prepared in the same way with the same 

loading can have dispersion and support influences on Pt-CO interaction.  

Metal oxide supports can be grouped into reducible and non-reducible.142,143 While 

technically all metal oxide supports can be reduced, this distinction is based on the ease of oxygen 

vacancy formation, which is an important step for metal oxide reduction. More reducible supports 

will withdraw more electron density from Pt, leading to higher frequency CO stretches, including 

those associated with positive Pt species. Reducible supports include TiO2, ZrO2, CeO2, and SnO2, 

and non-reducible supports include Al2O3, MgO, MgAlO.  
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Several studies have directly compared the IR frequency for CO adsorbed on Pt on different 

supports. For TiO2, ZrO2, and Al2O3, the support reducibility increases the strong metal-support 

interaction (SMSI) effect; Al2O3 (non-reducible) exhibits lower CO stretches (2082 cm-1) than 

reducible supports [ZrO2 (2189, 2131, 2098, 2084 cm-1) and TiO2 (2186, 2087 cm-1)] at the same 

conditions.97 There is little difference in the frequency of CO adsorbed on 0.4 wt.% Pt on MgO 

(2088, 2075cm-1) and 0.4 wt.% Pt on Al2O3 (2075 cm-1).100 MgO and Al2O3 are both non-reducible 

supports. For Pt supported on TiO2, a more reducible support, Pt becomes electron-rich Pt, and the 

CO frequency shifts accordingly (2121, 2067, 2060, and 1832 cm-1).144 This difference in support 

interactions for TiO2 vs. Al2O3 is consistent with XPS measurements. It is important to note that 

Pt dispersion is different on these supports for the same Pt loading: for Pt/TiO2, the Pt particles 

have a diameter of 26 Å, while for Pt/Al2O3, the particles have diameters of 9-11 Å.144 These 

differences in particle size could also partially explain the blueshift of Pt on TiO2 compared to Pt 

on Al2O3. Generally, these studies find that reducible supports result in higher CO frequency 

stretches than those for non-reducible supports. Still, these studies do not control the size and shape 

of Pt particles.  

 Identifying specific support effects on IR frequencies of CO adsorbed on Pt is difficult 

using the published literature because Pt dispersion and CO coverage are commonly different 

between reported results. While holding the Pt dispersion and CO coverage constant can 

circumvent this issue, the comparison remains challenging as every paper chooses different CO 

dosing procedures, leading to different CO coverages. Additionally, many studies do not report Pt 

dispersion. A selection of reported literature IR frequencies of CO adsorbed to Pt on various 

support materials is shown in Figure 2.5. Generally, the CO frequencies can be grouped into 

bridging CO and linear CO on Pt0 and Ptn+, but no other trends emerge because of the confounding 

effects of dispersion and CO coverage. 

 
Figure 2.5. Summary of Reported IR Frequencies of CO Adsorbed on Pt across a Variety of Supports. Data from 

references:45,53,54,86,96–100,145–165 
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To avoid the effects of CO coverage and Pt dispersion, we can examine the vibrational 

frequency of CO adsorbed on isolated Pt sites. Only isolated Pt sites confirmed via CO TPD, XAS, 

or HAADF STEM are included in Figure 2.6. The reducibility of the support is often described by 

the ease of oxygen vacancy formation.166 DFT studies on oxygen vacancy formation, electronic 

localization, and band gaps have shown all parameters trend with reducibility but found that one 

descriptor cannot capture reducibility trends.134 In general, isolated Pt atoms show increasing 

frequencies with increasing reducibility of the support. Facile interconversion between isolated Pt 

and raft-like Pt structures on ceria could explain the spread of CeO2 samples.50 A positive Pt 

oxidation state could explain the significant deviation over zeolitic samples, where isolated Pt 

likely sits in ion exchange sites, compensating for negatively charged oxygens with neighboring 

aluminum atoms. 

 
Figure 2.6. Reported IR Frequencies of CO Adsorbed on Isolated Pt Sites on a Variety of Supports. Data from 

references:53,118–122,125–133,167 

In conclusion, CO adsorption on Pt supported on non-reducible supports exhibits lower 

frequency CO peaks than for Pt supported on reducible supports, a result of the larger withdrawal 

of electron density from Pt, leading to higher CO frequencies.  

2.3.7 Effect of Sn with Pt on CO Vibrational Frequency 

CO adsorbed on PtSn bimetallics and alloys is affected by all the previous parameters 

(support, CO coverage, dispersion) discussed above. Additionally, CO adsorption can result in 

structural modification.13 This restructuring can take the form of surface segregation if one metal 

preferentially adsorbs CO.13 Pt interacting with Sn can cause red or blue shifts in the CO 

vibrational frequency relative to Pt alone. Changes in CO frequencies on PtSn structure relative to 

Pt are included in Figure 2.7. CO adsorbed on PtSn nanoalloys48 exhibits IR peaks at 2047 cm-1, 

red-shifted from Pt NP alone (2075 cm-1).48 Many papers cited observe a CO frequency decrease 

with Sn addition.48,54,159,160 This redshift can be attributed to the following:  

1) Sn can isolate the Pt atoms from one another, with the consequence that CO dipole-

dipole interactions are less important. This decrease in CO dipole-dipole contribution 

causes a red shift relative to CO adsorbed on Pt clusters. 

2) Sn alloyed with Pt can donate electrons to Pt, which results in greater electron density 

on Pt, thereby increasing back donation to the CO 2π* orbitals. This electron donation 

results in a weaker C-O bond and a lower frequency stretch.   
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Other studies, especially those involving Ce and other promoters, report that Sn addition 

to Pt results in a blue shift of the CO frequency relative to that observed for Pt alone.145,148,165 

Theoretically, this blue shift can be explained by the Pt interacting with Sn being more electron 

deficient than Pt alone, causing a higher C-O vibrational frequency. This blue shift in CO 

frequency has been observed for Pt interacting with Sn within a zeolite framework21,31 and with 

tin oxide.158 Despite likely decreases in Pt cluster size with Sn interaction, electron interactions 

with promoters win out. Some studies observe a combination of both blue and red-shifted peaks. 

This difference in trends is consistent with multiple Pt species, at least one of each of the previous 

two examples. 21 Finally, some studies report no shift, which indicates little structural/ 

environmental change for Pt with Sn addition. 31,32 This lack of change is consistent with Pt clusters 

with little Sn interaction. 

 

Figure 2.7. Change in IR Vibrational Frequency of CO Adsorbed on Pt with Sn Across a Variety of Supports. 

Values are reported in ∆v(CO) (cm-1) relative to Pt catalyst without Sn. Data from references: 21,31,32,48,54,88,98,100,145–

148,150,152,154,155,157–162,164,165,168–170 

To summarize, Pt interaction with Sn in the support results in electron withdrawal from 

Pt and consequently a blue shift of the CO frequency; Sn alloyed with Pt results in a red shift in 

the position of the CO peak because Sn donates electrons to Pt that are then back donated to CO. 

2.3.8 Effects of Other Promoters Interacting with Pt 

Similarly to Sn addition, other additives can have a blue or red shifting effect on CO 

stretches depending on whether they withdraw or donate electrons, respectively. The effects of Ce, 

La, and K are detailed in Table 2.3 and Figure 2.8. Ce addition results in blue shifted CO peaks, 

suggesting that it promotes more electron-deficient Pt.145,148 These shifts are consistent with the 

electron-withdrawing nature of Ce and the reducibility of CeO2. Similarly to Ce, La addition to 

Al2O3 results in blue-shifted CO peaks.155 This increasing blue shift with increasing La addition is 

consistent with La withdrawing electron density from Pt. Unfortunately, this study does not 

compare the effect of La addition on Pt alone, only with PtSn. Conversely, K addition results in 

strongly red-shifted CO peaks for linear and bridged CO species and increases in linear relative to 

bridged CO on Pt.100,154,171 The increase in alkalinity reduces the acidity of the support, in turn 

making the support less electron withdrawing. More electron density on Pt will lead to lower 

frequency CO stretches. These results are supported by Nilsson’s XES data showing how the 

presence of alkali decreases σ repulsion.172 
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Figure 2.8. Effect of Additive on IR Frequencies of CO Adsorbed on Pt. Values are reported in ∆v(CO) (cm-1) 

relative to Pt catalyst without additive. Data from references: 100,145,148,154,155,171,173–179 

Table 2.3. Effect of Additive on the IR Frequency of Adsorbed CO on Pt 

Additive Support Catalyst Pt only  

(cm-1) 

Pt with additive 

(cm-1) 

Δv(CO)    

(cm-1) 

Reference 

Ce Al2O3 Pt/Al2O3 2060 2069 9 148 

Ce Al2O3 PtSn/Al2O3 2073 2074 1 148 

Ce Al2O3 Pt/Al2O3 2066 2098 32 145 

La Al-SI PtSn/Al-SI-1 2066 2068 2 155 

La Al-SI PtSn/Al-SI-1 2129 2130 1 155 

La Al-SI PtSn/Al-SI -20 2066 2080 14 155 

La Al-SI PtSn/Al-SI -20 2129 2130 1 155 

K MFI Pt@MFI 2055 2018 -37 154 

K Al2O3 Pt/Al2O3 2051 2034 -17 100 

K SiO2 Pt/SiO2 2060 2050 -10 171 

K SiO2 Pt/SiO2 1830 1765 -65 171 

 

Other metals besides Sn have been frequently used as Pt promoters, e.g., Fe, Zn, Ga, and 

Cu. Some promoters adsorb CO at room temperature, such as copper, gold, and silver.46,180 Here, 

we will compare promoter metals that do not adsorb CO at room temperature in the same range as 

Pt to provide a clear picture of the effect on Pt. Like Sn, many metals (e.g., Zn, Ga) alloy with Pt, 

and correspondingly, IR measurements of the CO vibrational frequency on PtM show a redshift in 

CO stretches relative to Pt alone.167,178 This shift is consistent with the added metal donating 

electron density to the platinum atom. Conversely, iron platinum catalysts show little changes in 

CO stretches relative to platinum catalysts alone.175 Ultimately, additives can withdraw or donate 

electrons to Pt, allowing for both red and blue-shifted CO frequencies, depending on the additive 

identity and system.  

2.4 Perspective 

IR spectroscopy of adsorbed CO is a powerful tool, but the results must be interpreted 

carefully. Coverage studies are critical for determining site isolation, especially for reducing 

supports, such as CeO2, where more positively charged Pt sites can easily be mistaken for isolated 

Pt sites. Given the overlapping impacts of CO coverage across studies, Pt dispersion across 
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supports, and support effects, it is difficult to compare and draw definitive conclusions for the full 

range of supports used for Pt. The same can be said of promoters and additives to Pt. Determining 

the electronic effects on Pt can often be clouded by differences in Pt dispersion and supports. 

Figure 2.9 illustrates the overlapping ranges for many different Pt species.  

 
Figure 2.9. IR Frequency of CO Adsorbed on a Variety of Pt Species.  

2.5 Conclusion 

Many factors affect the IR frequency of CO adsorbed on Pt. Here, we have examined the 

effects of support identity, additives/promoters, Pt oxidation and dispersion, and CO coverage. It 

is important to consider all these effects and control them as much as possible in order to accurately 

interpret IR spectra for CO adsorbed on Pt. The effects and their impacts on observed IR 

frequencies of adsorbed CO are summarized in Table 2.4. Additional characterization (e.g., XAS, 

HAADF STEM) is crucial for accurately interpreting IR spectra. Increasing CO coverage results 

in a blue shift of the C-O frequency. This change with CO coverage can result from dipole-dipole 

CO repulsions at high coverages or from heterogeneity of sites, where the sites with the strongest 

adsorption (lowest frequency) adsorb CO first, followed by sites with lower adsorption energies. 

Positive Pt species exhibit higher frequency CO stretches (>2100 cm-1); less electron-dense Pt 

donates fewer electrons to the 2π* orbital of CO, resulting in a stronger C-O bond and, in turn, a 

higher stretching frequency. Decreasing Pt particle size results in a lower CO frequency for Pt 

clusters. The exception to the trend is isolated Pt atoms, which appear at high frequencies (>2100 

cm-1) if support interactions are strong. Support effects are particularly challenging to deconvolute 

from the effects of Pt dispersion and CO coverage across studies. Reducible supports withdraw 

electron density from Pt, resulting in higher CO stretching frequencies than observed for Pt 

supported on non-reducible supports. The addition of Sn has a red-shifting effect for alloyed, 

metallic Sn and a blue-shifting effect for framework or oxidized Sn relative to Pt alone interacting 

with CO. Other additives (e.g., Ce, La, K) can have blue or red shifting effects on the CO stretching 

frequencies depending on whether they withdraw or donate electrons to the Pt.  
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Table 2.4. Summary of Effects on IR Frequency of CO Adsorbed on Pt  

Influence Direction of Shift of CO Frequency ∆v(CO) (cm-1) Ref 

CO coverage With increasing CO coverage ~ 30 86 

Pt Oxidation State With increasing Pt oxidation state ~ 50 to 75 96 

Isolated Pt Relative to clusters 35-52 47 

Pt dispersion 
With increasing Pt cluster size 

With increasing Pt coordination 
~ 40 136 

Support effects With increasing reducibility of support ~ 50 53,118–133 

Pt-Sn interaction 
With Sn-framework interactions* 

With bimetallic and alloyed Sn* 

~ 81 to 1 

~ -60 to -1 

145,148,165 
48,54,159,160 

Pt-Other additives 
With electron withdrawing additves (Ce, La)* 

With alakaine additves* 

~ 1 to 30 

~ -10 to -60 

 
100,154,171 

*Relative to Pt alone   
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3 Examination of X-ray Absorption Spectroscopy to Characterize Pt and Sn 

Catalysts 

3.1 Introduction  

X-ray Absorption Spectroscopy (XAS) is a powerful, element-specific, bulk 

characterization technique. Hard X-rays have high enough energies to eject a core electron. This 

electron excitation has characteristic energies for each element, allowing the average electronic 

and geometric structure of all sites of a single element to be precisely measured. In this way, XAS 

can be applied to nearly every element. The scattering of ejected electrons can be modeled to gain 

detailed insights into the element of interest. XAS spectra are divided into two regions: 1) X-ray 

Absorption Near-Edge Structure (XANES) which probes oxidation state and local symmetry, and 

2) Extended X-ray Absorption Fine Structure (EXAFS), which provides information about 

coordination number, the distance between nearest neighbors, and neighboring species identity.181 

XAS can probe atomic environments, such as those of elements in supported metal particles and 

isolated sites.182 XAS provides an average of all sites' geometric and electronic structures.183 An 

additional strength of XAS is its ability to probe catalysts in situ and operando.184 

Several textbooks51,185 and reviews186–190, have been written about XAS. Here, the use of 

XAS for Pt and Sn characterization is summarized, and the impact of changing the Pt and Sn 

environment on XAS results is examined. Tin and platinum can exist in various structures (e.g., 

isolated sites, bimetallic and monometallic nanoparticles), analyzing even common catalysts 

complex. The oxidation state, dispersion, geometry, support, and neighboring atom identity will 

all affect the observed XAS results. This chapter evaluates these effects in order to determine to 

what extent XAS can provide definitive evidence of Pt and Sn interactions. 

3.2 XAS Models and Theory 

The X-Ray Absorption Near Edge Structure (XANES) region includes the pre-edge and up 

to 50-110 eV above the edge, and the Extended X-Ray Absorption Fine Structure (EXAFS) region 

extends from 50-110 eV above the edge to 1000 eV above the edge.191 The physics of these regions 

are coupled, but the spectral ranges are typically analyzed separately. XAS experiments are 

performed at synchrotron beamlines since high-energy X-rays (4 - 30 keV) are needed to excite 

the core electrons of metal atoms. Synchrotron beamlines also provide a high flux (i.e., high 

brilliance) of these high-energy X-rays to enhance signal-to-noise relative to benchtop instruments. 

The design of these synchrotrons is discussed extensively elsewhere.182 Because XAS experiments 

require synchrotron radiation, catalyst characterization by XAS is less common than by benchtop 

methods (IR, UV-vis, XRD, etc.), especially for Sn.192 In situ and operando experimental setups 

for XAS have become more common.184 Appropriate sample preparation has also been covered 

extensively elsewhere.51,181 Good sample preparation is critical to acquiring high-quality data so 

that particle size and orientation artifacts do not influence the recorded spectra. 

XANES probes the oxidation state and site symmetry of the element of interest. The 

analysis of XANES is mainly qualitative as there is no equivalent equation to the EXAFS equation 

for XANES.181 By comparing the spectrum of a sample to spectra of known standards, it is possible 

to identify the oxidation state and symmetry of the element in the sample.51,193 Because the XANES 

signal is stronger than the EXAFS signal, quality XANES spectra can be acquired at lower element 

concentrations than EXAFS data. The XANES edge position is sensitive to the oxidation state of 

the atom. Specifically, the white line height and the edge energy increase with increasing oxidation 

state. White line height is a measure of the unoccupied d-electrons.194 As the oxidation state 

increases, so does the white line intensity. This effect is powerful compared to the influence of 
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dispersion, chemical identity, and support on white line intensity and edge energy.195 The 

coordination symmetry of the scattering element primarily impacts the pre-edge region of the 

XANES spectrum. Specific electronic transitions can result in observed pre-edge peaks, which are 

often sensitive to the oxidation state and the symmetry of the ligands surrounding the scattering 

element.196 Pre-edge features are not commonly observed in XANES spectra of Pt and Sn catalysts. 

EXAFS spectra reflect the coordination number and immediate local geometry (up to ~6 

Å)197 of the absorbing element. The physics EXAFS scattering (equation 1) has been solved 

precisely with the following equation, first derived by Sayer:198 

𝜒(𝑘) = 𝑆0
2 ∑ 𝑁𝑖

𝑓𝑖(𝑘)

𝑘𝑅𝑖
2 𝑒

−
2𝑅𝑖

𝜆(𝑘)𝑒−2𝑘2𝜎𝑖
2
sin(2𝑅𝑖𝑘 + 𝛿𝑖(𝑘))𝑖    (1) 

Several parameters appear in the EXAFS equation. Table 3.1 lists these parameters, their 

physical significance, and their acceptable ranges. The amplitude reduction factor (So
2) 

approximates intrinsic losses in the EXAFS spectrum. These losses can originate from the 

rearrangement of electrons to compensate for the core hole formed by the ejected electron, the 

excitation of an outer electron, or the ejection of an outer electron from the atom. All of these 

processes decrease the amplitude of the EXAFS signal and are relatively independent of k and R 

within the fitted EXAFS region (< 10% deviations). 51 The degeneracy (N) is the number of unique 

instances of a specific scattering path. N is equivalent to the coordination number for a single 

scattering path and must be greater than or equal to zero. A good upper bound for N is the 

coordination number of the bulk metal (often 6 or 12). The Mean Square Relative Displacement 

(2) accounts for the thermal and static disorder. 2 is also called the pseudo-Debye–Waller factor 

or the 2nd cumulant (C2). The values of 2 increase with increasing disorder in the system. The half 

path length (D) is the average distance between the absorbing and scattering atoms. D is equivalent 

to the bond length for a single-scatterer. The reference energy (Eo) is the effective energy origin 

for EXAFS. Eo is used to align experimental spectra to the calculated spectra.188 Less commonly, 

the third and fourth cumulants are also used to fit. The third cumulant (C3 or 3) addresses 

asymmetry, and the fourth cumulant (C4 or 4) accounts for size distribution tails. Third and fourth 

cumulants are commonly zero. The fifth and higher cumulants are rarely used.  

These parameters can be grouped into those that mainly change the amplitude (N, So
2, 

C2/2, C4/4) and those that mainly change the phase (D, Eo, C3/3). So
2 and N are closely 

correlated, so fitting one at a time is essential. So
2 is generally considered independent of k and R. 

So
2 can be fit for each path individually or held constant (if chemical environments are similar 

between paths. Because of the interdependent nature of the parameters in the EXAFS equation, it 

is crucial to critically evaluate all fitted parameters to ensure they have acceptable values. 

Table 3.1. Summary of EXAFS Equation Parameters and Their Acceptable Constraints and Errors 

Parameter So
2 N D (Å) 2 (Å2) Eo (eV) 3 (Å3) 4 (Å4) 

Physical 

meaning 

k- and R-

independent 

amplitude 

suppression 

Number of 

unique 

scattering 

paths 

Half 

path 

length 

thermal 

and 

structural 

disorder 

Effective 

energy 

origin 

asymmetry size distribution 

Constraints/ 

Acceptable 

Ranges 

0.7 - 1.05 51 

0.7 - 1.0 184 
≥0 ≥0 

0.002- 

0.03 51 

0.001-

0.012 183 

-10 - 10 <0.001Å3 <0.0001 Å4 

Acceptable 

Error 
10%  1% 5% 

0.1 +/- 5% 
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3.2.1 Analysis of XANES Spectra  

XANES is commonly used to gain information about the oxidation state of the element of 

interest. The edge position and white line intensity can determine the oxidation state, with more 

oxidized species exhibiting higher edge energies and more intense white lines. XANES data 

analysis primarily involves the comparison of spectra of known standards and structures with 

experimental data. This technique provides qualitative information about the oxidation state and 

the geometry of the element of interest. Calculations can accurately predict spectra, which enables 

the evaluation of proposed structures.183,186 However, it is not possible to fit structural parameters 

(e.g., coordination numbers, bond distances) from experimental XANES data.  

Positive species have higher edge energies and exhibit higher white-line intensities. These 

trends have been shown for Pt complexes, with Pt(II) complexes exhibiting a lower absorption 

maximum (1.45) than Pt(IV) complexes (2.4).199 This increase in white line intensity with 

increasing oxidation state holds for single atoms.121 Additionally, peak height can be used to 

quantitatively determine the fraction of Pt oxidation state in binary systems. These shifts in white 

line intensity and edge energy have also been confirmed with oxidation and reduction 

experiments.200,201 Similarly, more positive Sn species have higher edge energies and white line 

intensities. For example, the white line height of tin standards follows this trend: Sn Foil< SnO< 

SnO2.21,202,203 XANES edge position can also be used to identify the oxidation state, as the edge 

position shifts up to 6 eV with changes in the oxidation state.203,204 It should be noted that 

neighboring atom identity can also shift the edge energy.205 The oxidation of PtSn catalysts has 

also confirmed these shifts in white line intensity and edge energy.206 In summary, increasing the 

oxidation state increases the white line intensity and the edge energy. These systematic changes 

can be used to quality fractions of species in binary systems.  

3.2.2 Fitting of EXAFS Spectra 

EXAFS data fitting relies on fitting the Fourier transform of the experimental data to 

theoretically generated paths (equation 3). Early EXAFS studies primarily investigated 

coordination numbers and nearest neighbor distances.207 Today, advanced software exists to 

analyze EXAFS data and fully fit it to the EXAFS equation. These programs provide the best 

choice of fitting parameters (N, So
2, C2/2, D, Eo) as well as quantitative metrics of the goodness 

of fit (i.e., R-factor, χ2). These programs are summarized elsewhere,183 and many books and 

tutorials discuss their use.51,181 Users can also generate XAFS signals from structural models 

(FEFF208, GNXAS, Corvus, FDMNES), process EXAFS data (Athena, ProQEXAFS, EXAFS-

Neo), perform EXAFS fits and data analysis (Artemis and Larch), and incorporate theoretical 

calculations, such as Reverse Monte Carlo (EvAX) and DFT (QuantEXAFS), into the structure 

search. The first shell fit is routine.186 The quality of EXAFS fit depends on the models used to 

fit.183 These data reduction and analysis processes are illustrated in Figure 3.1.  

XAFS data are collected in the energy domain. These data are normalized to an edge step 

of 1 and then converted to frequency (k) domain using the following equation: 

      (2) 

Data is converted to the radial distribution (R) domain by taking the Fourier transform of 

absorption intensity in the k space (Equation 3). The k-weight (w) is generally 1, 2, or 3 and should 

increase with decreasing atomic mass of the scatterer.51 The choice of k-weight should not 

significantly change the final fitting results.51 
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               (3) 

 
Figure 3.1. A) Typical EXAFS data processing and analysis procedure: (a) pre-edge background removal, (b) 

normalization, (c) curve fitting of μ0, (d) conversion to k-space and weighting, (e) Fourier transformation to R-

space, and (f ) reverse Fourier transform and fitting in the k-space. Adapted from 209 B) XAFS fitting and modeling 

processes.  

To compare the interpretation of EXAFS data for related material, it is necessary to 

understand the goodness of fit. The R-factor is often used as a measure of fit since it measures the 

deviation of the data from the model, and the lower the R-factor, the better the fit. An R-factor of 

0.05 or less is considered acceptable.51,183 χ2 is the sum of squared deviations weighted by the 

estimated uncertainty, and the reduced χ2 (χv
2) is the χ2 per degrees of freedom. χv

2 accounts for 

the number of fitting parameters and independent variables available in the k- and R-ranges. χv
2 is 

preferred to the R-factor but must be compared over the same k and R ranges, making comparisons 

of χv
2 across different studies difficult. Lower χv

2 values correspond to a better fit. Additionally, 

χv
2 should not be compared for fits where the measurement uncertainty is significantly different 

(i.e., different materials, different conditions).51 χv
2 is best used to compare fits of the same or 

similar data taken over the same ranges in k- and R-space. Conversely, the R-factor can be used to 

compare the goodness of fit between samples regardless of the type of material or fitting ranges 

used. It is also essential to consider the physicality of the fitted parameters, not just the goodness 

of fit. 

Good data processing is crucial to produce a reasonable fit.51,181 The first step for ensuring 

a reasonable fit is to check for nonsensical values (e.g., negative values of N or 2 or So
2, 2, or 

ΔE out of acceptable range); even if the error of the fit is low, if the fitted parameter values are out 

of range, the fit is not physically significant. It is necessary to compare χv
2 values to prevent 

overfitting. Using material standards with similar composition and structure to the sample of 

interest will also enable a better fit. Additional characterization (e.g., IR, XRD, UV-vis, TPR, 

STEM) can inform the predicted structure, supporting or opposing the proposed XAFS structures. 

So
2 must be fit first to a reference material containing the same element as that of the sample being 

characterized so that this parameter does not skew fitting results for the material of interest (i.e., 

CN). To compare materials directly, data processing and fitting must be performed methodically 

and consistently. When fitting, it is essential to consider various structural models. To evaluate 

B) A) 
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these models, the χv
2 and R-factor should be compared, and fitted parameters checked to ensure 

they make physical sense. 

3.3 Discussion 

3.3.1 XAS of Standards and References 

3.3.1.1 XAS of Pt Standards and References 

Because the Pt K edge is very high in energy (78,394.8 eV), the L3 edge (11,536.7 eV) is 

used most often to investigate Pt. The L edge involves the excitation of p electrons into unoccupied 

d orbitals.185 Occasionally, the L2 edge (13,272.6 eV) is also used. Reported fitting parameters for 

Pt foil and PtO2 standards are included in Table 3.2. Table 3.2 shows that the EXAFS fits of 

standard Pt-containing materials exhibit a range of fitted parameters; these differences can be 

attributed to differences in fitting procedures (e.g., k- and R-space ranges, data reduction 

procedures). Generally, for a known material structure, the degeneracy of the path is fixed to the 

known value for the crystal structure so that the amplitude reduction factor can be fit appropriately. 

The bond distances do not change much across these fits, but the fitted values for 𝜎2 and 𝛥E exhibit 

more variation between different studies. It should be noted that fitting software provides the error 

for these fitted parameters, but often these errors are not reported in the literature. This issue is 

especially prevalent for standard reference materials, e.g., Pt foil. 

Table 3.2. EXAFS fits of Experimental Pt Standards 

Ref Standard R factor S0
2 Path N R (Å) 𝜎2 (x103) 𝛥E (eV) 

210 Pt foil 0.002 0.91 Pt-Pt 12 2.77 5 4.8 
154 Pt foil 0.0017 0.89 Pt-Pt 12 2.763 4.8 6.7 
118 Pt foil 0.002 0.78 Pt-Pt 12 2.77 4 8.1 
211 Pt foil 0.0024 0.787 Pt-Pt 12 2.76 4.4 7.5 
211 PtO2 0.0073 0.79 Pt-O 6 2.02 1.4 13.3 
156 PtO2 0.045 0.83 Pt-O 6 2.02 3.1 12.7 

The Pt-O and Pt-Pt paths from these Pt materials with known structures are used as initial 

guesses to fit the paths for unknown samples. However, the structure and phase of the reference 

can affect the fitting results; this effect is more significant at larger shells (n ≥  2) because the phase 

of the reference material starts to influence the structure. Surprisingly, very few papers report the 

structure of the reference material used as an initial guess. Table 3.3 lists the bond distances for 

various Pt crystallographic structures. Several structures (e.g., tetragonal, hexagonal, cubic) of Pt, 

PtO, and PtO2 exist. For Pt-Pt paths, the crystallographic bond distances of these standards do not 

change significantly (~2.700 Å), but there is variation in the Pt-O bond lengths for different 

morphologies of PtO2 and PtO (1.94 - 2.31 Å), with PtO exhibiting longer bond distances than 

PtO2. For PtSn reference materials, several different compositions and morphologies exist (e.g., 

SnPt, SnPt3, Sn4Pt) with Pt-Sn bond distances between 2.69 and 2.85 Å. Experimental 

crystallographic results for organometallic PtSn complexes report Pt-Sn bond distances between 

2.62 and 2.83Å.212,213 The variations in these bond distances highlight the importance of choosing 

reference materials for initial guesses. 
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Table 3.3. Crystallographic bond distances for Pt-Pt paths, Pt-O paths, and Pt-Sn paths in standard Pt materials. CIF 

files of these standard materials were obtained from The Materials Project.214  

Material Path R
crystallographic

 (Å) 

Pt
0

 Pt-Pt 2.79 

PtO, cubic Pt-O 2.31 

PtO, tetragonal Pt-O 2.07 

PtO
2
, cubic Pt-O 1.94 

PtO
2
, tetragonal Pt-O 2.01, 2.04 

Pt-Pt 3.25 

PtO
2
, hexagonal Pt-O 2.04 

PtSn 
Pt-Pt 2.74 

Pt-Sn 2.76 

Pt
3
Sn Pt-Pt 2.85 

Pt-Sn 2.85 

Pt
2
Sn

3
 Pt-Pt 2.79 

Pt-Sn 2.69, 2.80 

PtSn
4
 Pt-Sn 2.814 

 

3.3.1.2 XAS of Sn Standards and References 

Generally, the K edge is used to characterize the local properties of Sn (29.2 keV), but the 

L2 and L3 edges are also used occasionally.215 It is best practice to extract the amplitude reduction 

factor from the fit of a standard material (e.g., Sn foil, SnO2) in order to isolate the amplitude 

reduction factor from the degeneracy, since the two parameters are closely correlated. However, 

many Sn XAS studies assume S0
2 to be 1.0 without fitting to a standard material. Additionally, 

when S0
2 is extracted from a fit to a standard material, the other fitting parameters (e.g., 𝜎2 and 

𝛥E) are often not reported. Because fewer Sn XAS studies exist than Pt ones, finding complete fits 

for Sn XAS is challenging. For this reason, incomplete reports of XAS fits for Sn are included. 

Reported fitting parameters for Sn foil and SnO2 standards are listed in Table 3.4. The degeneracies 

(N) of the scattering paths (Sn-Sn and Sn-O) are fixed during the fitting of Sn reference materials. 

Across literature studies, the fitted bond lengths agree for Sn-O and Sn-Sn paths, respectively. 

Reported values of 𝜎2 and 𝛥E for these materials vary more widely. Notably, fewer Sn XAS studies 

report values of the R-factor, 𝛥E, and S0
2 for the fit. Additionally, several reported fitted 

parameters are outside of acceptable ranges listed in Table 3.1 (e.g., 𝜎2 > 30, 𝛥E >  10, R-factor > 

0.05).  

Table 3.4. EXAFS fits of Experimental Sn Standards 

Ref Standard R factor S0
2 Path N R (Å) 𝜎2 (x103) 𝛥E (eV) 

216 Sn Foil 0.147 1 Sn-Sn 4 3.001 16 n.r. 
217 Sn Foil n.r. n.r. Sn-Sn 4 3.022 70 n.r. 
216 SnO2 0.194 1 Sn-Sn 2 3.2 9 n.r. 
218 SnO2 n.r. n.r. Sn-O 6 2.06 n.r. n.r. 

98 SnO2 n.r. n.r. 
Sn-O 4 2.04 1.3 11.8 

Sn-O 2 2.06 2.7 13 
219 SnO2 n.r. n.r. Sn-O 6 2.05 5 n.r. 
216 SnO2 0.194 1 Sn-O 6 2.041 7 n.r. 
220 SnO2 0.009 n.r. Sn-O 6 2.06 58 n.r. 
221 SnO2 0.01 n.r. Sn-O 6 2.045 1.8 28 
217 SnO2 n.r. n.r. Sn-O 6 2.068 70 n.r. 
222 SnO2 n.r. n.r. Sn-O 6 2 4.49 n.r. 
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In addition to the reported fits of experimental data of Sn standards, the FEFF-calculated 

EXAFS parameters for different crystal structures of Sn materials can be compared. Table 3.5 

includes the crystallographic bond distances for these Sn materials. The Sn-Sn bond distances for 

these reference materials are in the range of 2.84 to 3.54 Å, and the Sn-O bond distances are 

between 2.07 and 2.23 Å. These Sn-Sn and Sn-O bond distances overlap with Pt-Pt and Pt-O bond 

distances because of the similar atomic size of Sn and Pt. Because these paths cannot be 

distinguished from a radial distribution plot, more advanced EXAFS fitting to account for atom 

identity must be used to differentiate between Sn and Pt. Specifically, paths with Pt or Sn can be 

fit with Artemis or Larch, and the quality of the fits can be compared. The differences in these Sn 

paths again emphasize the importance of material structure choice in XAFS fitting. It is 

recommended to use a reference path that most closely resembles the fitting path; if information 

about the fitting path is unknown, multiple reference paths should be tested. 

Table 3.5. Crystallographic bond distances for Sn-Sn paths and Sn-O paths in standard Sn materials. CIF files of 

these standard materials were obtained from The Materials Project. 214 

Material Path Rcrystallographic (Å) 

𝛽-Sn, body-centered tetragonal Sn-Sn 3.05, 3.20 

𝛼-Sn, diamond cubic Sn-Sn 2.84 

SnO 
Sn-O 2.23 

Sn-Sn 3.54 

SnO2 
Sn-O 2.07 

Sn-Sn 3.21 

 

3.3.2 Effect of Dispersion on XAS 

Increasing the metal dispersion decreases the average metal-metal coordination number as 

the surface site fraction increases. In the XANES region, this decrease in metal interaction 

increases the white-line intensity and edge energy if the nearest-neighbor atom is less electron-

donating than the metal. In the EXAFS fit, lower coordination numbers will reduce the fitted value 

of degeneracy for that path. Decreasing the degeneracy will decrease the scattering amplitude in 

both k- and r-spaces.51 If the metal is dispersed on a support, an increase in white line intensity 

(i.e., a decrease in d electrons) is expected.  

Isolated Pt sites only show one intense peak in R space at 2 to 3 Å, which corresponds to a 

single Pt-O scattering path.118,154,200 Further evidence for Pt isolation can be demonstrated with a 

good fit, including NPt-Pt scattering path of zero or a better fit if Pt-Pt scattering is excluded from 

the model. As cluster size increases, so does the degeneracy of the Pt-Pt path. Figure 3.2 shows 

how Pt cluster size changes the fitted Pt-Pt coordination number, Pt-Pt distance, and XANES 

region. Increasing coordination numbers with particle size follows a sub-linear trend.223 Additional 

studies investigating the effects of Pt dispersion confirm these results.224–226 The Pt-Pt bond 

distance increases slightly with increasing Pt particle size until it reaches the bulk value. The 

XANES edge energy increases with decreasing Pt particle size, which has been attributed to 

cluster-size dependent band gaps of Pt as no change in Pt oxidation state was observed with 

XPS.227 It should be noted that the oxidation state cannot be unambiguously assigned with XANES 

as a result of these compounding effects.118 
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Figure 3.2. A) Coordination number vs. particle diameter for Pt clusters, adapted from223 B) Effect of particle size on 

Pt-Pt distance, adapted from226 C) Effect of XANES edge energy with changing particle size, adapted from227  

XANES spectra of supported Pt clusters of increasing particle size (Pt2, Pt13, Pt24 supported 

on SiO2) show a slight decrease in white line intensity and a reduction in edge energy.227 XPS 

results confirm that Pt remains in the zero oxidation state, but XANES edge energies and white 

line resemble bulk, oxidized Pt. Often the XANES spectra of these isolated Pt species closely 

resemble bulk PtO2.128,227 There is ambiguity in assigning XANES features to the effects of size 

and oxidation state. XAS of small Pt particles can resemble that of bulk standards (e.g., PtO2) 

because of the effects of particle size on electronic levels. Increasing Pt nanoparticle size leads to 

a decrease in white line intensity.228,229 This trend can be explained by decreasing support 

interactions and increasing Pt-Pt interactions with increasing Pt clustering, ultimately increasing 

the occupancy of d-electrons. 

 The same trends exist for Sn, although fewer examples are present in the literature. Many 

articles only consider bulk Sn compounds and dispersed Sn samples but vary multiple parameters 

in this comparison (e.g., support, dispersion). Still, the trends observed for increasing Pt cluster 

size are expected to persist for Sn XAS. One study compares two different SnO2 nanoparticles and 

finds a shift in the absorption edge toward higher energies with smaller nanoparticles. This change 

is attributed to differences in SnO2/SnO and Sn distribution with particle size.197  

 To summarize, increasing dispersion will decrease NM-M and increase white line intensity. 

As metal interactions with support increase and metal-metal interactions decrease, the observed 

XAS of dispersed metal sites will often resemble that for a bulk metal oxide. 

3.3.3 Effect of Neighbor Identity on XAS 

The mass of a neighbor can generally be determined within an atomic mass of five by 

XAS.181 Higher-mass neighbors are usually larger in atomic radius and sit further apart. This 

difference in spacing with neighbor atomic mass is exemplified by comparing metal-metal and 

metal-oxygen path fits (e.g., Pt-O vs. Pt-Pt in Table 3.3). Other studies have shown similar trends 

for similarly different atomic mass nearest neighbors. Pt dispersed on MoN and α-MoC were 

compared by XAS; Pt/MoN samples displayed a Pt-N distance of 2.04 Å and the Pt/α-MoC 

samples showed a Pt-Mo distance of 2.82 Å.230 The effect of neighbor identity on XAS has also 

been investigated with adsorption experiments. The adsorption of hydrogen231 to Pt shows 

significant changes to the Pt L3 edge XAS spectra. A reduction in Pt white line intensity was 

observed upon hydrogen adsorption, attributed to a decrease in Pt-Pt scattering interactions and an 

increase in weaker scattering Pt-H paths. These effects are most evident in the near-edge region of 

the spectrum.  
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Many Sn examples only consider O or Sn nearest neighbors, but the same trends of 

increasing effective distances with increasing atomic mass exist. Differences in scattering intensity 

and bond distance easily differentiate between tin and oxygen neighbors, and even more similar 

neighbors can be distinguished. One study compared SnO2 and Sn on N-doped graphene.232 While 

Sn-C and Sn-N had very similar effective bond distances to Sn-O, the intensity of the white 

decreased for the Sn/N-C sample, and the edge shifted to lower energies. These changes are 

consistent with lower electron donation from N and C relative to O, resulting in more electron-

poor Sn.  

In this way, atomic mass and electronic differences in scatters can be used to determine the 

identity of the neighboring atom. The adjacent atom's identity primarily affects the core element's 

electronic state (e.g., white line intensity, edge energy), bond distances, and fitted degeneracies. 

3.3.4 Effect of Support Identity on XAS 

Support effects are difficult to determine because of the interacting impacts of dispersion, 

oxidation state, and electronic interactions with the support. Different supports or even the same 

support treated in different ways has been shown to produce different Pt morphologies.144,205 

Generally, stronger metal-support interactions increase the white line intensity (more electron-

deficient metal) relative to metallic interactions.205 There are two explanations for these changes 

with support.185 The first explanation attributes changes with different support solely to particle 

size effects. As the metal-metal interactions are replaced with metal-support interactions, the white 

line intensity of the metal XAS increases. The second interpretation includes electronic effects. 

The direct interaction of the metal with the support will change the electron density of the metal 

particle, in turn affecting the XAS spectrum. More reducible supports will be more electron-

withdrawing, increasing the white line intensity.  

Experimental evidence for support effects is often difficult to disentangle from other 

influences (e.g., dispersion of Pt, changes in scatterer identity). Investigation of isolated Pt atoms 

eliminates the potential for dispersion and neighbor identity effects. Isolated Pt on TiO2 and Al2O3 

exhibit similar white line intensities and positions.229 Pt nanoparticle samples display more 

differences, with TiO2 showing higher white line intensities than Al2O3, suggesting a more 

electron-deficient Pt.229 For bulk Pt, the comparison of PtSn on SiO2 and Al2O3 results in longer 

Pt-Sn bonds (2.80 vs. 2.61 Å), higher Pt-Sn coordination numbers (NPt-Sn: 4.7 vs. < 0.5), and more 

Pt-Pt interactions on SiO2 than Al2O3 (NPt-Pt: 6.5 vs. 3.2).203 It is clear that in this study there are 

morphological changes resulting from the change in the support. The investigation of Pt particle 

size on Pt/SiO2 and Pt/Al2O3 finds that at the same Pt particle size, Pt/SiO2 materials exhibit more 

negative energy shifts than Pt/Al2O3 relative to the Fermi level.227 In addition to changing the 

support composition, the structure of the support material also influences particle morphology; 

zeolites usually have smaller, more uniform particles than macroporous supports.185 These 

differences make it challenging to isolate the effects of the support. 

Studies of Sn/Beta have shown how different crystallographic sites within the Beta zeolite 

result in different Sn geometries and EXAFS-fitted bond distances.233 Specifically, Sn is 

preferentially inserted into T5/T6 sites of Sn/BEA prepared via a fluoride hydrothermal synthesis 

route.233 The EXAFS results of specific Sn crystallographic sites were modeled and compared to 

experimental results, with the T5/T6 Sn sites providing the best fit. Because different supports 

have different local structures, it is expected that these differences observed within unique 

crystallographic sites of Beta zeolite will also persist across other supports. Comparing different 

types of supports, PtSn/SiO2 exhibits longer Sn-Pt bonds (2.79 vs. 2.62 Å) and higher Sn-Pt 

coordination numbers (6.8 vs. < 0.5) than PtSn/Al2O3.203 Additionally, Sn and Pt both had more 

oxygen interactions on Al2O3 than SiO2. 
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Support identity affects multiple XAS parameters (e.g., R, N). Additionally, different 

supports disperse metals to different extents, so dispersion effects must also be considered when 

comparing results between different supports. 

3.3.5 Effect of Sn on Pt XAS 

In addition to changes in the Pt electronic environment, Sn can promote the isolation of Pt 

atoms. This structural change often leads to more Pt-O interactions with the support and fewer Pt-

Pt interactions, in addition to interactions with Sn.234 In this way, it is difficult to isolate the effects 

of Sn introduction on Pt XAS as dispersion and neighbor identity effects are also present. 

Because of their similar sizes (atomic radius of Sn: 140 pm, atomic radius of Pt: 139 pm), 

Pt-Sn and Pt-Pt path lengths overlap. The Pt-Sn distance in the SnPt standard is 2.78 Å, while the 

Pt-Pt distance in Pt foil is 2.81 Å.235 Crystallographic results for (C8H12,)3Pt3(SnCl3)2 complex 

exhibits a greater Pt-Sn bond distance (2.80 Å) than Pt-Pt bond distance (2.58Å).236 Because of 

these similar bond distances, the fitting results for Pt-Sn bond distances in supported PtSn materials 

can be longer than,201,221,237 shorter than,200,201,203,206 or equal to the Pt-Pt bond distance.200,238 In 

this way, the magnitude of the Fourier transform (FT) cannot be used unequivocally to assign Pt-

Sn or Pt-Pt paths; instead, fitting with EXAFS software must be used to distinguish between Pt 

and Sn neighbors. EXAFS software fitting will manipulate all the scattering parameters and 

consider real and imaginary FT space to provide the best fit. Often, scattering paths can have 

destructive interference in the real part of the FT, resulting in little change in the magnitude of the 

FT, but EXAFS fitting software will take this interference into account.  

Other fitting parameters do not show distinct trends when comparing Pt-Pt vs. Pt-Sn. The 

pseudo-Debye-Waller factor increases237,238 or stays the same with Sn introduction.201,239 

Systematic changes in 𝛥E with Sn introduction are also not evident. Upon Sn introduction, the Pt 

d-band vacancy increases, causing an increase in XANES white line intensity.203,205,238 This result 

is consistent with Sn interaction causing a more electron-poor Pt.201 In terms of bond lengths, an 

increase in the lattice parameter (i.e., larger Pt-Pt bond distances) is observed when Sn is 

introduced.238 

Different environments can change the morphology of PtSn structures as well.1200,206 

Reduction of PtSn catalysts decreases the white line intensity, and oxidation increases it.200,206 

Additionally, Pt3Sn/C can be prepared with increasing Sn-Pt mixing by changing gas environments 

(PtSn alloying increases in air < He < H2 annealing); XRD, HRTEM, and XPS results show an 

increase in metallic Sn and Pt3Sn species and a decrease in SnO2 and metallic Pt particles with air 

< He < H2 annealing. XAS of Pt3Sn/C shows increasing Pt-Sn coordination number with increasing 

extent of alloying, as well as decreases in Sn-Pt distances and increases in Pt-Pt distances.237 It 

was observed that Pt3Sn is more readily oxidized than PtSn, though both samples have surface-

segregated Sn.206  

Generally, Sn disperses and withdraws electrons from Pt, increasing white line intensities 

and edge energies. Pt-Sn scattering paths can be distinguished from Pt-Pt paths with thorough 

EXAFS fitting. EXAFS fitting of Pt-Pt and Pt-Sn paths must be performed carefully as their 

bond distances overlap. Specifically, the comparison of multiple fitting paths (e.g., Pt-Pt path, Pt-

Sn path, Pt-Pt and Pt-Sn path) must be employed to achieve the most representative structure. 

Finally, thoughtful experiment control and planning must be implemented to ensure 

measurements are collected in meaningful environments for these catalysts (e.g., dehydrated or 

pre-treated). 



 
 

26 

 

3.3.6 Effect of Pt on Sn XAS 

If Sn is in excess of Pt, most Sn atoms do not interact with Pt, so Sn-Pt paths become harder 

to fit. In these cases, often just the Sn-O path is fit.221,238 Still, information about the effect of Pt 

on the Sn electronic state can be gleaned from these fits. Small decreases in Sn-K edge (< 2 eV) 

are seen with increased Pt content on SnO2, indicating an increase in Sn electrons.221 This decrease 

in white line intensity can be explained by higher electronegativity for Sn than Pt.221 This increase 

in electron density of Sn is also consistent with the decrease in electron for Pt seen in the Pt edge 

XAS results. While PtSn samples often have higher edge energy and white line intensity than Sn 

foil, dispersion effects could partially explain this.200,203,238  

As mentioned for Pt, the reaction environment can restructure PtSn particles. For example, 

Pt3Sn/C can be prepared with increasing Sn-Pt mixing by changing gas environments (PtSn 

alloying increases in air < He < H2); these samples exhibit decreasing Sn-Pt distances as the Sn-Pt 

coordination number increases.237 It should be noted that the fitted coordination numbers do not 

match between Sn-Pt and Pt-Sn shells. Oxidizing or reducing PtSn catalysts can also shift Sn edge 

energy and change the white line intensity.200,235 The limited available data makes trends in other 

fitting parameters (e.g., Debye-Waller factor, 𝛥E) hard to discern. In addition to Sn-Pt paths, in 

zeolitic or siliceous supports PtSn, an Sn-O-Pt path is often fit.21 In these cases, the Sn-Pt distance 

is longer (> 3 Å).  

 In summary, Pt introduction to Sn material decreases Sn K-edge energy and white line 

intensity relative to SnO2 and increases relative to Sn foil. These trends are consistent with a 

donation of electrons from Pt to Sn and the dispersion effects of PtSn mixing.  

3.4 Perspective 

The lack of published XAS parameters often makes evaluating reported fits of EXAFS data 

highly challenging. Many studies publish only some fitting parameters, and only some share the 

fitting strategies or procedures. Additionally, the fitted reference structures are very rarely 

included. Frequently, studies only publish the one best fit without including alternative fits as proof 

of the quality of this fit. This information is essential when EXAFS is the primary evidence for a 

specific structure. The XAS literature would benefit from more detailed and standardized reports 

of fitting procedures and bases used to draw deductions and more thorough comparisons of 

experimental data with standard structures and previously recorded spectra of similar materials. In 

many ways, more consistent and transparent data processing and fitting are necessary to compare 

different reported literature studies.  

3.5 Conclusion 

This chapter has examined the effects of oxidation state, dispersion, support, and neighbor 

identity on Pt and Sn XAS data. Table 3.6 summarizes these effects. Increasing the oxidation state 

increases white line intensity and absorption edge due to decreased electrons (XANES). Increasing 

metal clustering increases coordination numbers and often reduces white line intensity due to 

neighbor identity differences (EXAFS, XANES). The support can affect XAS signals in two ways: 

changing particle size and changing the electron density. More reducible supports will withdraw 

more electron density, causing an increase in the white line energy and intensity. Sn interacting 

with Pt results in a decrease in electron occupation and an increase in the lattice spacing. Pt 

interacting with Sn results in an increase in electron occupation and a reduction in the lattice 

spacing. It is essential to evaluate fits critically. Researchers should confirm that the reported 

parameters make sense and are consistent with similar literature or analogous standards. XAS 
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results depend on the interplay of multiple parameters, so considering results from additional 

characterization techniques to support structure assignment is essential. 

Table 3.6. Effects of changing environment on Pt and Sn XAS 

Effect White Line Edge energy Nfirst shell Rfirst shell 

Increasing Oxidation State increases increases - - 

Increasing Dispersion increases increases decreases decreases 

More reducible Support increases increases decreases decreases 

Pt Sn interaction: Pt edge (relative 

to Pt-Pt) 
increases increases decreases 

increases or 

decreases 

Pt Sn interaction: Sn edge (relative 

to Sn-Sn) 
decreases decreases  decreases 
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4 Effect of Preparation Method and Sn Loading on Sn/DeAlBEA Catalysts for 

Propane Dehydrogenation 

 

4.1 Introduction  

The rise in domestic shale gas production heightens the need for efficient conversion of 

light alkanes. Light alkanes can be upgraded to olefins (e.g., ethene, propene, butenes) and to 

aromatics (benzene, toluene, xylene) through dehydrogenation and dehydroaromatization 

processes. Cracking also occurs as an undesired side reaction, creating lower alkenes and alkanes, 

including methane. Isolated metal sites have shown high activity and high olefin selectivity for 

propane dehydrogenation (PDH). Still, additional unselective activity can come from both the 

support and thermal cracking and dehydrogenation (if the reaction is performed at high enough 

temperatures). Elucidating the role of Lewis acids is critical in effective catalyst design for light 

alkane dehydrogenation.  

Tin is an effective Lewis acid catalyst for Baeyer Villiger,240–243 glucose 

isomerization,244,245 and hydrogen transfer246 reactions and recently, such catalysts have been 

shown to be active for PDH.36,38–41,247 Beta zeolite (BEA) has often been chosen as a support for 

Sn Lewis acid catalysts because of its ability to stabilize isolated Sn framework sites. There are 

several reported techniques for the post-synthesis introduction of Sn into siliceous and zeolitic 

supports, including ion exchange (IE),218,248 wetness impregnation (WI),249 incipient wetness 

impregnation (IWI),36,41 and solid-state ion exchange (SSIE).250 Despite the many preparation 

procedures, only a few studies directly compare different preparation techniques or justify the 

choice of one over another. Furthermore, only one study investigates Sn/DeAlBEA for PDH.247 

The details of preparation are lacking, and rigorous investigation and comparison of PDH activity 

are lacking. 

Several characterization techniques can be used to determine the structure and oxidation 

state of Sn, including ultra-violent visible spectroscopy (UV-vis),43,251,252 X-ray absorption 

spectroscopy (XAS),42,253 X-ray diffraction (XRD),31,41,42,254 and infrared (IR) spectroscopy of 

adsorbed CD3CN 244,255,256 and pyridine.257–259 This work utilizes these characterization techniques 

to examine the effects of the preparation method and Sn loading on the structure and oxidation 

state of Sn in DeAlBEA. This chapter summarizes and evaluates various preparation methods for 

Sn/DeAlBEA, the effect of Sn loading on the structure of Sn/DeAlBEA, and the activity of 

Sn/DeAlBEA for propane dehydrogenation activity.  

 

4.2 Experimental Methods 

4.2.1 Catalyst Preparation 

H-BEA was prepared by heating NH4-BEA (Alfa Aesar, Si/Al = 12.5) in quartz boats 

placed in a tubular quartz tube at 5 K/min to 773 K and holding at 773 K for 4 h in dry synthetic 

air (Praxair, ultra-zero, 100 mL/min). The H-BEA samples were dealuminated in 13M HNO3 for 

20 h at 373 K with stirring. The solution was filtered and washed extensively with deionized water. 

The filter cake was dried at 393 K overnight to yield dealuminated BEA (DeAlBEA). This 

technique has been shown to fully remove framework Al species.20 

Metals were introduced to dealuminated BEA via wetness impregnation and dry 

impregnation. For wetness impregnation, SnCl22H2O (98.0-103.0%, from Alfa Aesar) or SnCl4 

*5H2O (98%, from Sigma Aldrich) was dissolved in ethanol with a concentration of 0.16 M. In 

procedures with acid addition, 3 M HCl was added to the tin ethanol solution in a 1:1 ratio. Each 

solution was stirred for 30 min before impregnation. The desired weight loading determined the 
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amount of metal, while the amount of liquid was kept constant for the same amount of siliceous 

support (2.8 mL liquid per 1 g support. The solution was added to the siliceous support, and the 

mixture was ground until all the liquid evaporated (~30 min). For dry impregnation, tin (II) acetate 

(99%, from Strem Chemicals) was ground with DeAlBEA to produce the desired Sn/Al ratio. All 

samples were then dried at 393 K overnight in air, followed by calcination in air at 873 K for 2 h. 

4.2.2 Catalyst Characterization 

Specific surface areas of samples were determined by N2-adsorption using Brunauer–

Emmett–Teller (BET) with a Micrometrics Gemini VII. 40-45 mg of catalysts were dehydrated 

overnight in vacuum at 453 K. Then nitrogen was adsorbed at 77 K to measure an adsorption 

isotherm. BET calculation details are included in the supplemental information. Elemental analysis 

was performed by Galbraith Laboratories, Inc.; metal content was measured with inductively 

coupled plasma-optical emission spectrometry (ICP-OES), and chlorine content was measured 

with potentiometric titration.  

Fourier transform infrared (IR) spectra were collected in transmission mode using a Nicolet 

6700 spectrometer. Samples (~35 mg) were pressed into thin pellets and loaded into an infrared 

cell equipped with CaF2 windows. Helium (Praxair, 100mL/min) was used as a carrier gas. The 

sample was then dehydrated at 573 K for 2 h before the collection of spectra. Spectra were 

collected by averaging 64 scans at a resolution of 1 cm-1 at 473 K and 393 K. For pyridine 

adsorption IR experiments, 2 L of pyridine or deuterated acetonitrile (CD3CN) was injected into 

the helium feed stream heated to 373 K with heating tape. Spectra were recorded at 10, 20, and 30 

min after injection. Spectra were baseline corrected with a spline function and normalized to the 

intensity of Si−O−Si framework overtone bands occurring between 1700 and 2000 cm−1. The IR 

spectra of adsorbed pyridine presented here have had the initial spectrum of the sample taken at 

393 K subtracted out. 

Diffuse reflection ultraviolet-visible spectroscopy (DRUV-vis) was performed after 

dehydration at 573 K for 2 h. Catalyst samples were ground, sieved, and packed. Spectra were 

collected from 190 to 500 nm with a resolution of 2 nm at room temperature. 

Powder X-ray diffraction (XRD) patterns were collected with a D8 Discover GADDS 

Powder XRD instrument using Cu-Kα radiation. XRD patterns were collected at room 

temperature, scanning between 7.5° and 80° with 5 frames. Depending on the noise and 

crystallinity of the samples, 60 or 300 seconds per frame of equilibration time was used. The XRD 

pattern for SnO2 was generated from a reference structure from The Materials Project 

crystallographic database. 

X-ray absorption spectroscopy (XAS) was performed at the Advanced Photon Sources at 

Argonne National Lab. The Sn K edge was probed at BM-10B using the six-shooter sample holder. 

Sn/DeAlBEA samples were dehydrated before measurement at 823 K for 1 h.  

 

4.2.3 Catalyst Activity 

To test propane dehydrogenation activity, 50 mg of catalyst was loaded into a quartz bubble 

reactor (10 mm inner diameter). Quartz wool was used to support the catalyst bed. Tests were 

performed at atmospheric conditions and at 873 K. Catalysts were heated to 873 K at 15 K/min in 

air and held in air at 873 K for 30 min. A pretreatment of 1 h in hydrogen at 873 K was also 

applied. Propane 20.2% in He (Praxair) was diluted with He (Praxair, ultra-zero). A He flow rate 

of 20 mL/min with 1 mL/min propane (4.67 kPa propane) was used as a reference condition. 

Additional conditions with different total flow rates at the same partial pressure of propane and 

different partial pressures of propane at the same spacetime of propane were also used. Reaction 

products were analyzed with an in-line 7890A Agilent Gas Chromatograph equipped with a 25 m 
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HP-PLOT Q column and a flame ionizing detector (FID). Conversion and selectivity are reported 

on a molar basis. Net Site-Time Yield (STY) of propene is reported as moles of propene per hour 

per mole Sn. Equations for calculating conversion, selectivity, and STY are included in the 

Appendix.  

4.3 Results and Discussion 

4.3.1 Investigation of Sn introduction methods 

Hydrothermal synthesis can introduce Sn into the zeolite framework directly43,240,244,260 For 

BEA, a two-step procedure of aluminum removal followed by tin introduction has been shown to 

successfully introduce framework tin, bypassing the need for direct Sn zeolite synthesis.42,261 Here, 

we will evaluate methods to introduce Sn into DeAlBEA. 

A number of techniques for introducing Sn into siliceous and zeolitic supports have been 

reported; these can be broken into solvent-based and non-solvent-based processes. A summary of 

these studies is included in Table S4.1. The most common methods for solvent-based metal 

exchange into zeolites are ion exchange (IE), incipient wetness impregnation (IWI), and wetness 

impregnation (WI). These techniques are typically performed with water as the solvent. IE, IWI, 

and WI are distinct in the volume of solution used. IE uses large volumes of solution, followed by 

filtering and washing. IWI uses a solvent volume equivalent to the pore volume of the material, 

and WI uses a small amount of solution. In both IWI and WI methods, the solvent is allowed to 

dry rather than being filtered or washed away. All three of these techniques require a soluble metal 

precursor and have the potential for back exchange of protons from solvent during drying. IWI 

also suffers from mass transfer limitations due to small solution volumes, leading to under-

exchange. 

Non-solvent-based techniques have also been developed to address issues concerning 

precursor solubility and the potential for back exchange. Solid-state ion exchange (SSIE) entails 

dry grinding of a metal precursor with the support material, followed by heating. SSIE has the 

advantage of avoiding bulk metal oxides. Additionally, any solubility problems or potential of H+ 

addition from the solvent are circumvented by eliminating the solvent. However, in order to fully 

exchange, the precursor must have sufficient volatility to reach the internal silanol sites. Chemical 

vapor deposition (CVD) involves heating a volatile reservoir of metal precursor; once gaseous, 

this precursor can travel to the support chamber and deposit. CVD has been shown to create 

isolated and uniform sites, but it requires a sufficiently volatile precursor.  

Several Sn precursors have been used for introduction of Sn (e.g., SnCl2*2H2O, 

SnCl4*5H2O, Sn(C2H3O2)2).262,263 The volatility and solubility of tin precursors are included in 

Figure 4.1. Many tin precursors have low solubility in water. Non-aqueous solvents (e.g., ethanol) 

and acids (e.g., HCl) have been used to increase the solubility of these tin species.242,264 Non-

solvent-based methods can also be used to circumvent this issue (e.g., chemical vapor deposition 

(CVD), solid-state ion exchange (SSIE)). Several tin precursors have appreciable vapor pressures 

at elevated temperatures. The very low volatility of Sn metal and high volatility of SnH4 and SnCl4 

exclude them from use for CVD or SSIE. Hydrolysis and insolubility in water are common for 

many tin precursors, but the use of ethanol and the addition of HCl can increase the solubility of 

these tin species.  
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Figure 4.1. A) Vapor pressure of Sn precursors vs. temperature. B) Solubility of Sn precursors. Information from 

CRC handbook.265 

To evaluate the effectiveness of different preparation methods, we used IR spectroscopy 

of adsorbed deuterated acetonitrile (CD3CN). Sn/DeAlBEA was prepared with the same Sn weight 

loading to allow for a fair comparison. IR of adsorbed CD3CN can distinguish between framework 

and extraframework tin sites and detect silanol nests, allowing quantitative measures of material 

Lewis acidity as preparation procedures change. Figure 4.2 shows the IR results of adsorbed 

CD3CN on Sn/DeAlBEA prepared in different ways. Table S4.2 includes the integrated areas of 

these peaks. The amount of tin introduced into the framework will correlate with the Lewis acidity 

of the catalyst. Tin oxide moieties will not contribute to Lewis acidity. IR of adsorbed pyridine 

exhibits peaks corresponding to CD3CN adsorbed to Lewis acid sites (2316 - 2308 cm-1) and 

silanol nests (2275 - 2285 cm-1).255,256 Additionally, the CD3CN frequency can be used to 

distinguish between different framework tin sites. Open Sn sites display a frequency of adsorbed 

CD3CN at 2316 cm-1, while closed sites have a peak at 2308 cm-1.244,266,267 The wavenumber shift 

has also been attributed to potential solvent effects268 or a distribution of Sn sites267, but the lack 

of clear shoulders on the 2308 cm-1 peaks for these Sn/DeAlBEA suggests the majority of Sn sites 

are closed. All the preparation methods result in a peak at 2308 cm-1, indicating closed tin sites are 

present. Ethanol wetness impregnation with an SnCl2 precursor results in the largest Lewis acid 

peak and the most significant decrease in silanol nest peak, indicating this method is most effective 

at producing framework Sn sites.  

 
Figure 4.2. IR of deuterated acetonitrile on DeAlBEA and Sn/DeAlBEA catalysts. 

In summary, several tin introduction techniques were investigated. IR of adsorbed CD3CN 

indicates that wetness impregnation with ethanol is the most effective preparation technique to 

introduce tin into the framework sites of DeAlBEA.  

Precursor 
Solubility in H2O 

(g/100g) 
Alternative solvents 

SnCl2 178 Ethanol, ethyl ether, acetone 

SnCl2*2H2O 178 Ethanol, NaOH, HCl 

SnCl4 hydrolyzes Ethanol, acetone 

SnCl4*5H2O very soluble Ethanol 

Sn(C2H3O2)2 hydrolyzes Dil. HCl 

SnF2 31 - 

SnBr2 85 Ethanol, ethyl ether, acetone 

SnSO4 18.8 - 
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4.3.2 Effect of Sn loading 

While other studies have studied the effect of Sn loading on Sn/DeAlBEA structure, the 

Sn was introduced via hydrothermal synthesis or not well characterized. Here, we have prepared 

Sn/DeAlBEA with ethanol wetness impregnation at different Sn loadings and will characterize 

these samples to determine the effect of Sn loading on the Sn/DeAlBEA structure. The 

physicochemical properties, metal weight loading, and metal atom distribution are reported in 

Table 4.1. Surface area analysis with BET and pore volume analysis with all samples show a slight 

decrease in surface area with Sn introduction. The small changes in surface area with metal 

introduction support the lack of large particles, as these would result in significant decreases in 

surface area with increasing weight loading. Elemental analysis confirms that tin remains in the 

catalyst after calcination at 873 K. Elemental analysis results indicate that while most Sn has been 

exchanged with the supports, a small amount of chlorine from the SnCl2 precursor remains in the 

catalyst system, especially for higher tin loadings.  

Powder XRD patterns are included in Figure 4.3. Powder X-ray diffraction (XRD) can be 

used to detect crystalline domains. This technique detects crystalline structures, like BEA zeolite 

framework and bulk tin species (e.g., SnO2, SnCl2). The presence of BEA zeolite peaks in 

dealuminated samples confirms that the dealumination and tin introduction do not affect the 

crystalline structure of the zeolite framework. The additional peaks in the Sn/DeAlBEA samples 

can be attributed to tin oxide particles, indicated by the reference diffraction pattern at the bottom 

of the chart. The detection of SnO2 by XRD in the as-prepared samples is consistent with similar 

Sn/SiO2 catalysts reported in the literature.41 At higher Sn loadings (Sn/Al > 0.4), peaks 

corresponding to bulk SnO2 appear. The intensities of these SnO2 peaks increase with increasing 

tin weight loading. Additionally, the lack of peaks for SnCl2 indicates the absence of unreacted 

precursors in the catalyst samples. This result implies that the chlorine detected via elemental 

analysis exists as chlorine ligands on Sn, silanol groups, or small tin chloride clusters, not bulk 

SnCl2 particles. XRD can only detect nanoparticles greater than 2.5-2 nm in size and ~1% by 

volume.269–272 The absence of these XRD peaks does not entirely negate the existence of these 

extra-framework particles. Instead, it indicates that these domains are either absent or smaller than 

the XRD detection limit. 
 

Table 4.1. Surface area and metal loading for Sn/DeAlBEA at different Sn loadings. 

Sample 
Sn 

wt.% 

Cl 

wt.% 
Sn/Al Si/Sn 

Sn atom 

/nm2 

Surface Area 

(m2/g) 

Pore Volume 

(cm3/g) 

DeAlBEA 0 0 0 - 0 515.6 0.37 

H-BEA 0 0 0 - 0 469.7 0.33 

Sn/DeAlBEA-0.67 8.17 1.3 0.67 18.7 0.84 492 0.35 

Sn/DeAlBEA-0.4 5.15 0.71 0.40 31.6 0.51 511.9 0.37 

Sn/DeAlBEA-0.28 3.76 <0.6 0.28 45.0 0.36 534.5 0.37 
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Figure 4.3. XRD patterns of HBEA, DeAlBEA, Sn/DeAlBEA, and SnO2. 

Ultraviolet-visible spectroscopy (UV-vis) can provide additional information about the 

structure of Sn in these materials. Specifically, previous studies have used UV-vis to distinguish 

between tetragonal framework Sn (200 - 220 nm), nano-SnO2 clusters (230 - 255nm), and bulk 

SnO2 particles (280 - 290 nm).33,43,273,274 DRUV-vis spectra of Sn/DeAlBEA catalysts and bulk 

SnO2 are shown in Figure 4.4. The DRUV-vis spectrum of tin oxide exhibits a broad absorption 

band between 200 and 300 nm. The DRUV-vis spectra of Sn/DeAlBEA-0.2, Sn/DeAlBEA-0.36, 

and Sn/DeAlBEA-0.5 all show a peak at 200 nm corresponding to isolated tetrahedral Sn. The 

DRUV spectrum of Sn/DeAlBEA-0.5 exhibits a peak at 250 nm, which can be attributed to SnO2. 

These results suggest that SnO2 particles begin to form around 0.36 Sn/Al and increase with 

increasing Sn loading, consistent with the XRD results from Figure 4.3. The edge energies of these 

materials can also be compared with a Tauc plot (Figure 4.4C). Increasing Sn content results in 

decreasing edge energy for Sn/DeAlBEA catalysts. The 250 nm peak in the Sn/DeAlBEA-0.5 

spectrum exhibits a similar edge energy (4.03 eV) to that calculated for the bulk SnO2 (3.97 eV), 

further confirming the. These peak positions and edge energies are also consistent with previous 

literature studies of SnO2.275–277 UV-vis suggests framework Sn(IV) sites exist for all Sn/DeAlBEA 

catalysts, and some SnO2 species are present at the highest Sn loadings (Sn/DeAlBEA-0.5). UV-

vis cannot distinguish between open and closed Sn sites. 

 
Sample Peak (nm) Edge Energy (eV) Peak (nm) Edge Energy (eV) 

SnO2 251 3.97 - - 

Sn/DeAlBEA-0.2 - - 190 5.97 

Sn/DeAlBEA-0.36 - - 195 5.93 

Sn/DeAlBEA-0.5 250 4.03 192 5.58 

Figure 4.4. DRUV-vis spectra of Sn/DeAlBEA catalysts and SnO2 in absorbance, Kubelka-Munk Units, and Tauc 

plots.  
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The IR spectra for DeAlBEA and Sn/DeAlBEA are shown in Figure 4.5A. The sharp peaks 

at 3745 cm-1 are attributed to the OH vibration of isolated, acidic silanols, while the broader peak 

at 3674 cm-1 is attributed to vicinal and bulk OH groups.278 The 3610 cm-1 peak in the H-BEA 

sample can be attributed to Brønsted acid OH vibrations.30,279,280 The broad peak at ~3500 cm-1 

evident for the DeAlBEA spectrum originates from OH vibrations from silanol nests. For 

Sn/DeAlBEA, a decrease in the areas of the silanol nest peak (3500 cm-1) and of the isolated silanol 

peak (3745 cm-1) with metal introduction supports the idea that the exchange of Sn species occurs 

with the protons in these OH groups. For all the samples except H-BEA, the absence of peaks 

around 3610 cm-1 confirms the lack of Brønsted acid sites in the catalysts.  

IR spectra of adsorbed pyridine are used to identify relative amounts and strengths of 

Brønsted and Lewis acid sites. IR spectra of adsorbed pyridine are shown in Figure 4.5B. The 

peaks at 1445 cm-1 and 1600-1612 cm-1 correspond to pyridine interacting with Lewis acid sites. 

Increases in the frequency of the pyridine peak above 1600cm-1 indicate increasing Lewis acid 

strength.257 The peaks at 1544 cm-1 and 1640-1630 cm-1 correspond to pyridine coordinated to 

Brønsted acid sites. The peak at 1490 cm-1 corresponds to pyridine interactions with both Lewis 

and Brønsted acid sites. The peak at 1544 cm-1 for H-BEA is assigned to the pyridinium ion, 

indicating Brønsted acidity. In the H-BEA spectra, the 1630-1640 cm-1 peaks correspond to 

pyridine bonded to Brønsted acid sites, while peaks around 1450 cm-1 correspond to the vibration 

of the neutral pyridine ring.258 Dealuminated BEA exhibits peaks at 1592 and 1445 cm−1, which 

can be ascribed to the interaction of pyridine with H atoms of the Si−OH groups in the silanol 

nests.259 No peaks corresponding to Brønsted acid sites (1544 cm-1) are present for DeAlBEA or 

Sn/DeAlBEA. In the spectra of pyridine adsorbed on Sn/DeAlBEA, the decrease in the areas of 

the peaks for pyridine adsorption on Si-OH groups in silanol nest upon introduction of Sn suggests 

that this element is incorporated into the silanol nests. The residual peaks corresponding to silanol 

nests indicate some silanol nests remain, potentially inaccessible to tin. The consistent peak silanol 

peak areas across weight loadings suggest that the remaining silanol groups may not be accessible 

for tin exchange. Additionally, the lack of increase in peak area is consistent with the formation of 

tin oxide at higher Sn loadings, as evidenced by XRD. Notably, SnO2 does not adsorb pyridine at 

these conditions.  

IR spectra of adsorbed CD3CN adsorbed on Sn/DeAlBEA, shown in Figure 4.5C, were 

used to identify open and closed Sn sites and silanol nests. IR spectra of adsorbed CD3CN are. 

Similarly to the results at an intermediate loading for different preparation methods (Figure 4.2), 

all Sn/DeAlBEA catalysts exhibit peaks corresponding to closed Sn sites (2308 cm-1) and silanol 

nests (2275 - 2285 cm-1).244,255,256 There is no evident shoulder or other evidence for open Sn sites 

(2316 cm-1).244,266,267 A consistent decrease in silanol peak area is observed for Sn/Al ratios from 

0.16 to 0.40, but the highest loading Sn/DeAlBEA exhibits a larger silanol nest peak. This change 

at high Sn/Al ratios also coincides with the formation of SnOx species detected by XRD and UV-

vis spectroscopy. The IR peak of CD3CN adsorbed to Sn-OH species has been calculated as red-

shifted from CD3CN adsorbed to Si-OH.281 The lack of red-shift in the peak suggests that the 

observed increase in the 2275 cm-1 peak is not a result of Sn-OH formation. Likely, this increase 

in peak intensity is due to the creation of Si-OH groups upon SnxOy formation.  
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A)      B) 

 

 
Figure 4.5. IR spectra of A) dehydrated supports and Sn/DeAlBEA and B) Pyridine adsorbed on supports and 

Sn/DeAlBEA. C) CD3CN adsorbed on DeAlBEA and Sn/DeAlBEA. 

 X-ray absorption spectroscopy (XAS) was also used to probe the oxidation state and 

environment of Sn for two Sn loadings on Sn/DeAlBEA. Figure 6 shows the XAS spectra for 

Sn/DeAlBEA and tin reference materials and the relevant fitting parameters. The fit is presented 

in Figure S1. The XANES edge position and white line height of Sn/DeAlBEA closely resemble 

those of SnO2, suggesting Sn(IV) with oxygen nearest neighbors. The EXAFS fitting results for 

both loadings suggest four Sn-O bonds, consistent with framework Sn(IV). The magnitude of the 

Fourier transform shows one clear peak at a distance consistent with an Sn-O path. Additional fits, 

including Sn-Sn and Sn-Cl paths, are included in Table S3, but these paths do not improve the 

level of fit (i.e., reduced χ2 and R-factor). Sn metal (Sn foil) and SnCl2 are included as reference 

materials for comparison, but the EXAFS spectra for these materials are quite different from that 

of Sn/DeAlBEA. Our fitting results are consistent with previous XAS studies of Sn/BEA42,253 and 

support the identification of Sn in Sn/DeAlBEA as Sn(IV) sites within the BEA framework. 

In summary, XAS, UV-vis spectroscopy, and IR of adsorbed CD3CN provide 

characterization support for the creation of framework Sn(IV) upon Sn introduction to DeAlBEA. 

The decrease in IR peaks corresponding to silanol nests after Sn introduction also supports this 

structure. As tin loading increases, SnOx species begin to form (Sn/Al > 0.4), as evidenced by IR 

of adsorbed pyridine, XRD, and UV-vis spectroscopy. No evidence of Sn0 is present for these 

Sn/DeAlBEA materials.  
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 A)               B) 

 

C) 

Catalyst 

Red. 

chi-

square 

(χν
2) 

R-

factor 
Path N R (Å) 

σ2
 (10-

3Å2) 
ΔE0 (eV) 

R 

range 

(Å) 

k 

range 

Sn/DeAlBEA-

0.15 
832.85 0.019 Sn-O 4.43  0.38 1.92 0.0097 

6.43  

1.28 

0.96  

1.31 
1-3 3-12.5 

Sn/DeAlBEA-

0.36 
1518.2 0.032 Sn-O 4.05  0.33 1.91 0.0087 

3.15  

1.06 

4.00  

1.26 
1-3 3-12.5 

Figure 4.6. A) XANES spectra and B) EXAFS of dehydrated Sn/DeAlBEA-0.15, Sn/DeAlBEA-0.36, and tin reference 

materials. C) Fitting parameters for dehydrated Sn/DeAlBEA-0.15 and Sn/DeAlBEA-0.36. Amplitude reduction 

factor determined from SnO2 and fixed in Sn/DeAlBEA fitting to 0.770. 

4.3.3 Propane Dehydrogenation Activity Results 

DeAlBEA exhibits some activity for dehydrogenation and cracking above 773K, although 

the bulk of this activity can be attributed to thermal cracking and dehydrogenation. The activities 

of DeAlBEA and the blank reactor are included in Table S4.1 of the supplemental information. 

The empty reactor was tested by running a reaction with no catalyst present, only quartz wool. The 

conversion as a result of thermal cracking and dehydrogenation is accounted for in the activity of 

the supports. To determine the effects of tin alone, the activity of the supports, which is primarily 

represented by the thermal activity, was subtracted from the results for the metal-exchanged 

catalysts. The results presented indicate whether they are raw data or are corrected for the effects 

of DeAlBEA.  

In the literature for Sn on siliceous supports, the catalyst is typically reduced in hydrogen 

prior to use for propane dehydrogenation.36,38,41 To validate the need for this pretreatment and 

elucidate its effect, reactions were run with and without the hydrogen pretreatment. The 

comparison of these results is included in Figure S4.2. The impact of the hydrogen pretreatment 

noticeably increases conversion and propene selectivity. Figure 4.7 shows the conversion, 

selectivity, site-time yield (STY), and forward rate constant (kf) for PDH over Sn/DeAlBEA. All 

Sn/DeAlBEA catalysts exhibit stable conversion and high C3H6 selectivity. The highest Sn loading 

of Sn/DeAlBEA shows the highest propane dehydrogenation activity. Additionally, increasing Sn 

systematically increases STY and the forward rate constant for Sn/DeAlBEA. These initial 

increases in rates with increasing Sn content are consistent with previous studies changing Sn 

content in Sn/SiO2 and Sn/BEA. Further increases in Sn content have also shown an increase 
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initially, followed by decreases at higher Sn loadings.36,39,41,247 As the amount of tin increases, 

there are noticeable differences in the activity of Sn/DeAlBEA, further suggesting a change in the 

tin speciation with changes in tin composition. DFT calculations have suggested that open Sn sites 

are more active for PDH than closed Sn sites.247 Increasing amounts of Sn open sites at 

intermediate Sn loadings could explain these increases in activity with increasing Sn loading.  

A)              B) 

 

      C)                              D) 

       
Figure 4.7. Propane dehydrogenation activity of Sn/DeAlBEA at different Sn/Al ratios. A) conversion, B) C3H6 

selectivity, C) STY (mol C3H8/mol Sn h-1), and D) forward rate constant. 

 

Figure 4.8 shows the effect of propane partial pressure on the propane conversion and 

selectivity to propene. Sn/DeAlBEA exhibits first-order propane partial pressure dependence in 

agreement with previous studies of PDH over Sn/BEA.247 First-order kinetics are also consistent 

with other PDH studies over Lewis acid sites.280,282  
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Figure 4.8. Partial pressure dependence of PDH over Sn/DeAlBEA-0.28. 

 The value for kf was calculated to enable comparisons with previous studies of PDH 

conducted with supported Sn catalysts carried out at different temperatures, propane partial 

pressures, and flow rates. The derivation of kf is included in the supplemental information. This 

metric accounts for differences in the conditions and conversions by including the approach to 

equilibrium. Figure 4.9 shows the forward rate constants for Sn/DeAlBEA and Sn/SiO2. It should 

be noted that Sn/SiO2 exhibits higher values of kf than Sn/BEA. A similar result was in the present 

work (Figure S4.3), even when Sn surface loading was controlled to account for the differences in 

surface areas. The Sn/DeAlBEA catalysts exhibit similar activities to previously prepared Sn/BEA 

catalysts but lower kf values than Sn/SiO2.36,38,40,41,247 The large range of forward rate constants for 

Sn/SiO2 and Sn/meso-SiO2 can be explained by the range of Sn loadings (0.83 - 30.0 wt.% Sn) as 

well as the differences in preparation methods by different authors. The higher forward constants 

for Sn/SiO2 catalysts could be explained by a higher fraction of open Sn sites, which have been 

calculated to have higher activity.247 Table 4.2 includes the DFT calculated apparent activation 

energies and resulting calculated relative PDH rates for different Sn open and closed sites. Notably, 

an 83 kJ/mol decrease in activation energy for PDH from closed Sn sites to open Sn sites with 

three hydroxyls results in 4 orders of magnitude increase in the reaction rate. An increase in open 

Sn sites on silica supports can account for the dramatic increase in the forward rate constants for 

Sn/SiO2 compared to Sn/DeAlBEA. 

 
Figure 4.9. Comparison of forward rate constant for Sn/DeAlBEA, Sn/SiO2, and Sn/MCM-41 catalysts. The 

reported activation energy for Sn/DeAlBEA247 is included as an orange line.  
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Table 4.2. Activation Energies and Relative Rates for PDH over Different Sn Sites. Sn structures and activation 

energies from 247. A temperature of 873K was used to calculate the rate.  

Sn Site Ea (kJ/mol )  Relative PDH Rate 

Sn-(O-Si)4 (closed) – direct PDH Mechanism 300 1 

Sn-(O-Si)4 (closed) – indirect PDH Mechanism 266 108 

HO-Sn-(O-Si)3 (open) 237 5884 

(HO)2-Sn-(O-Si)2 (open) 220 61214 

(HO)3-Sn-(O-Si) (open) 217 92546 

 

4.4 Conclusion 

Several Sn introduction techniques (e.g., wetness impregnation and solid-state ion exchange) 

and combinations of Sn precursors were evaluated for Sn Lewis acid introduction into DeAlBEA. 

This evaluation concluded that ethanol wet impregnation is the most effective means for 

introducing Sn(IV) into silanol nests of DeAlBEA, as confirmed by IR of adsorbed CD3CN. 

Introduction of Sn results in Lewis acidity in Sn/DeAlBEA catalysts, as evidenced by CD3CN and 

pyridine IR. Additionally, IR of adsorbed pyridine confirms the absence of Brønsted acid sites on 

these Sn/DeAlBEA catalysts. IR spectra of adsorbed CD3CN support the conclusion that Sn is 

introduced in a closed framework site for all loadings (Sn/Al = 0.16 - 0.67). In addition to 

framework Sn sites, XRD and UV-vis spectroscopy show evidence of SnO2 particles in the as-

prepared catalyst samples at Sn/Al > 0.4. XRD also confirms that the introduction of Sn into 

DeAlBEA does not alter the BEA framework structure. XAS and UV-vis spectroscopy of 

Sn/DeAlBEA corroborate that framework Sn(IV) species dominate at Sn/Al ≤ 0.4. Sn sites in 

Sn/DeAlBEA exhibit low propane dehydrogenation activity but high stability and propene 

selectivity. The STY for propane dehydrogenation increases with Sn loading for Sn/DeAlBEA, 

attributable possibly to the formation of more open Sn sites. The forward rate constant for 

Sn/DeAlBEA prepared in this study is lower than that of Sn/SiO2 but similar to that reported 

previously for Sn/DeAlBEA. The higher values of kf for Sn/SiO2 are possibly due to a greater 

fraction of Sn open sites when Sn is dispersed on SiO2 as opposed to its introduction into the silanol 

nests of DeAlBEA. 
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4.6 Supporting Information 

4.6.1 Sn Catalyst Preparation Summary 

Table S4.1. Summary of Sn preparation Methods 
Ref Support Prep Wash Calcine Sn precursor Solvent Reaction Sn species Evidence? 

262 SBA-15 WI N 
dry, calcine at 823 

K for 6 h 
SnCl4*5H2O; 
Sn(CH3COO)2 

EtOH n.r. Sn(IV), Sn(II) Mossbauer 

263 FAU HS H2O calcine 
SnCl2*2H2O, 

SnCl4*5H2O 
sol gel n.r. Sn (F) XRDM SiNMR 

283 Y SSIE Y  SnCl2*2H2O N n.r. SnO2 XRD 

233 BEA HS N dry and calcine SnCl4*5H2O sol gel 

Ox. 

Anisaldehyde, 

Cyclohexanon

e 

Sn(IV) (F); SnO2 
XAFS, EDS, 

STEM, TEM, 

34 BEA HS H2O 
dry; calcine at 853 

K for 6 h 

SnCl4*5H2O 
or 

SnMe4*5H2O 

sol gel sugar iso. Sn (IV) (F) 
UV-vis, IR, Sn 

NMR 

43 
BEA, 

SiO2 

HS; 

IWI 
H2O 

dry, calcine at 853 

K for 10 h 
SnCl4 or SnO2 

Sol gel ; 

H2O 

Iso. glucose to 

fructose 

SnO2; Sn(IV) 

open and closed 

NMR, SEM, 

XRD, DRUV-

vis 

284 SiO2 
graft 

THF 
N 

calcine for 6 h at 

773 K 

[(Si(CH3)3)2N

2]Sn 
THF 

isobutanol 

dehydration 
Sn(IV), Sn(II) XPS 

285 SBA-15 HS H2O 

dry 323 K 

overnight. Calcine 
at 773 K for 12 h 

SnCl4*5H2O sol gel n.r. 
Sn(IV) isolated, 

SnO2 

SAXS, XRD, 

UV-vis 

286 silicates HS   SnCl4*5H2O sol gel n.r.   

287 

BEA, 

MCM- 

41 

HS H2O 

dry at 333 K for 24 

h; 813K for 1 h in 

N2, 6 h in air 

SnCl4*5H2O sol gel MPV Sn(IV) (F) 
NMR, py-IR, 

XRD, AAS 

288 
MCM-

41 
graft Toluene 

dry at 373 K; 

calcine for 3 h at 

853 K 

nBu3SnCl, 

nBu2SnCl2, 

nBuSnCl3,Me

2SnCl2, 

Sn(OtBu)4 

toluene; 

triethyla

mine 

BV Sn(IV) IR, AAS, 

33 
Sil-1, 

MFI 
HS H2O 

dry at 338 K, 

calcine at 823 K for 

5 h 

SnCl4*5H2O sol gel  Glucose iso. 
Sn(IV) (F); small 

SnO2 
UV-vis 

289 
MCM-

48 

add to 

gel 
post 

synth 

  SnCl2 

sol gel 

post 

synth 

Ox. benzyl 

alcohol to 

benzaldehyde 

Tet. Sn UV-vis 

290 Sil-1 HS H2O 

dry at 423 K, 

calcine at 773 K for 

2 h; or at 773 K in 
N2 then introduce 

O2 for 5 h 

SnCl4*5H2O sol gel n.r. Sn(IV) (F) 
IR, NMR, 

Mossbauer 

291 Sil-1 HS H2O 

dry at 373 K, 

calcine at 573K for 

3 h, and 823 K for 7 
h 

SnCl4*5H2O sol gel n.r. Sn (F)  

292 

ZSM-5, 

Y, SiO2, 

Al2O3 

SSIE   Sn0 n/a n.r.   

293 BEA SSIE N 
heat to 823 K in N2 

(3 h) then air (3 h) 
Sn(CH3COO)2 n/a BV Sn(IV) (F)  

42 BEA SSIE N 
heat to 823 K in N2 
(3 h) then air (3 h) 

Sn(CH3COO)2 n/a 
MPV, glucose 

iso. 
Sn(IV) and SnxOy 

UV-vis, XAFS, 
XRD, Sn NMR 

218 TN IE H2O dry in vacuum SnCl2*2H2O 
MeOH, 

H2O 
BV 

Iso. [Sn(IV) (OH)x 

(H2O)5-x]
(4-x)+ 

XAFS, Sn 

NMR, XRD 

294 SnO2 Precip. MeOH dry at 373 K SnC2O4 
IPA + 

aq 

NH4OH 

cyclohexanol 

DH 
SnO2 

 

295 FAU TIE   SnCl2 n/a n.r. 
Sn(II) with Cl 

clusters 
crystallography 
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296 

Y,MOR, 

FER, Si-

1 

SSIE N 

323 K for 30 min, 

vacuum 3 h, 373 K; 

20 h 473 K, 20 h.; 

673 K for 1.5 h in 
O2 

SnCl2*2H2O n/a n.r. SnO2, SnCl2 Mossbauer 

297 MOR SSIE H2O 
673 K for 1.5 h in 

O2 
SnCl2*2H2O n/a n.r. 

Sn?+, SnO2at high 

wt. % 

XRD, HF 

analysis 

298 SBA-15 CVD 
2M 

KOH 
dry 1 day at 413 K tin chloride? n/a n.r. SnO2 EDS, 

248 
ZSM-5, 
Y, USY 

AqIE   SnCl2 EtOH OPDH   

299 SiO2 CVD   SnBu4 n/a isobutane DH Si-O-SnBu3 NMR 

242 MMT WI H2O 
dry at 333 K in 

vacuum for 24 h 
SnCl2*2H2O 

H2O, 

HCl 

oxidation of 

ketones 
Positive Sn FTIR 

40 SiO2 HS H2O 

dried overnight at 

353 K and calcined 
823 K in air for 6 h 

SnCl4 
H2O, sol 

gel 
PDH 

Sn0, Sn(II), 

Sn(IV), SnO2 

XPS, XRD, H2 

TPR 

300 

Sil-1, 

Sil-2, 

ZSM-5 

HS H2O 
dry at 383 K, 

calcine at 773 K 
SnCl4*5H2O sol gel 

Ox. toluene, 

meta-Cresol, 

hydroxylation 
of phenol 

Sn(IV) (F) 

XRD, FTIR, Sn 

NMR, 

elemental 
analysis 

301 Sil-1 HS H2O 
dry at 383 K, 

calcine at 773 K 
SnCl4*5H2O sol gel 

hydroxylation 

of phenol 
Sn(IV) and SnO2 

Sn NMR, 

FTIR, 

204 AlPO-5 HS H2O 
dry; calcine for 12 

h at 973 K 
SnCl4*5H2O sol gel n.r.   

302 BEA HS N 
dry; calcine at 853 

K 
SnCl4*5H2O sol gel BV 

isomorphous Sn 

(IV), SnO2 

XAFS, TEM, 

XRD, EDS 

303 Sil-1 HS H2O 
dry at 383 K , 

calcine at 813 K for 

12 h 

SnCl4*5H2O sol gel 
hydroxylation 

of phenol 
Sn(IV) isolated  

304 SBA-15 IE EtOH 
dry at 393 K 

overnight; calcine 
SnCl4*5H2O EtOH 

carbohydrates 

to methyl 

lactate 

Sn(IV); SnO2 at 
high wt.% 

UV-vis, FTIR, 

TEM, 
Mossbauer, 

Raman, TEM 

305 
MCM-

36 

deBor; 

SSIE 
  SnCl4*5H2O n/a BV Tet. Sn (F) UV-vis, XRD 

306 Mag HS, IE   SnCl4*5H2O 

or Na2SnO3 
H2O n.r. Sn(IV) 

DRUV-vis, H2 

TPR 

307 SBA-15 

HS, 

organo

silane, 
NH4F 

H2O 

dry; boil with 

EtOH, calcine at 

773 K for 5 h 

SnCl4 sol gel BV, MPV Sn(IV) (F) 

XRD, FTIR, 

DRUV-vis, 

NMR, TEM 

308 SBA-15 HS H2O 

dry overnight at 

373 K, Calcine at 

813 K for 6 h 

SnCl4*5H2O, 
Sn(CH3COO)4 

sol gel n.r. Sn(IV) (F)  

309 BEA IE H2O 
 dry at 353 K, 

calcine at 823 K for 

4 h 

SnCl2*2H2O H2O Strecker Sn(II), SnO2 
 

264 SBA-15 WI N 
calcine at 823 K for 

6 h 
SnCl4*5H2O EtOH 

transesterifica
tion diethyl 

malonate 

Si-O-Sn2+-O-Si, 

SnO2 

NH3TPD, 
Mossbauer, Si, 

Sn NMR, 

310 SBA-15 IWI N 
dry, calcine at 823 

K for 6 h 

SnCl4*5H2O; 

Sn(CH3COO)2 
EtOH 

transesterifica

tion 
Sn(IV), Sn(II) Mossbauer 

311 
Sil-1, 

MFI 
HS H2O 

 dry at 353 K 

calcine at 373 K for 

1 h and 823 K for 8 

h 

SnCl4*5H2O sol gel n.r. Sn tet. (F) UV-vis 

312 Y SS   SnF2 H2O 
n-butane 
cracking 

Sn(II) (F)  

313 
SiO2 

xerogel 
HS N dry Sn(NEt2)4 sol gel MPV SnO2; Sn0 

FTIR, NMR?, 

XRD, SEM; 

XRD 
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SSIE: Solid state ion exchange; WI: wetness impregnation; IWI: incipient wetness impregnation; TIE: Thallous ion 

exchange; HS: hydrothermal Synthesis; deBor: deboronation 

(F): framework Sn; Tet- tetrahedral; Oct- octahedral 

MPV: Meerwein Ponndorf Verley; BV: Baeyer Villiger; PDH: Propane dehydrogenation

314 BEA HS H2O 

 dry at 353 K, 

calcine at 823 K for 

4 h  

H2
119SnCl6 ; 

SnCl4*5H2O 
H2O 

isobutene 

oligomerizatio

n 

Sn(IV) (F) oct. 

(hyd.), Sn(IV) (F) 

tet. (deh.) 

NMR, IR 

315 BEA HS H2O 

dry at 353 K in air; 

heat at 823 K in air 

for 6 h 

SnCl4*5H2O;  

(NH4)2SnF6 

H2O; sol 

gel 

DHA CH3OH 
→ 

CH3CH(OH)

CO2CH3 

Sn(IV) (F), SnO2 

XRD, SEM, 

SEM-WDS, 

ICPOES 

316 Sil-1 HS H2O 
dry at 383 K, 

calcine at 823 K for 

5 h 

SnCl4*5H2O, 

SnCl4 
sol gel n.r. Sn(IV) (F)  

36 SiO2 IWI   SnCl2*2H2O EtOH PDH 
Sn0, Sn(II), Sn(IV) 

(F) 
XRD, XPS 

39 HMS HS H2O 
calcine for 5 h at 
823 K; reduce for 

0.5 h at 873 K 

tin chloride 
EtOH; 

sol gel 
PDH Si-O-Sn2+; SnO2 XPS; XRD 

41 SiO2 IWI 
H2O (on 

half) 

dry in vacuum 24 h; 

calcine (873 K 3 h); 
OR wash, dry (303 

K, 24 h) and calcine 

(873 K, 3 h) 

SnCl4*5H2O H2O PDH 

At low wt.%: 

Sn(II), Sn(IV); at 

high wt.%: SnO, 

Sn0 

UV-vis, XPS, 

XRD,H2 TPR 

38  

MCM -

41, Si-1, 
Si-2 

IWI   SnCl2*2H2O EtOH PDH 

Si-O-Sn4+, Si-O-

Sn2+, SnO2 (dep. 
on wt.%) 

UV-vis, H2 

TPR; UV-vis, 
XRD 

317 Y graft N vacuum for 10 h SnMe4 n/a n.r. Si-O-Sn-Me3 XAFS 

261 
DeAlBE

A 
SSIE N calcine at 823 K Sn(CH3COO)2 n/a glucose iso. Sn(IV) oct., SnO2 

NMR, 

Mossbauer, 

DFT 

274 
ZSM-5, 

Si-1 
HS H2O 

Calcine ( 823 K, 6 
h.); 5% NH4Cl at 

353 K for 4 h, filter, 

wash, dry. Calcine 

at 823 K for 6 h 

SnCl4*5H2O sol gel BV Sn(IV) (F) 
UV-vis, XPS, 

EDS, 

273 
Def. S-1 

zeolite 

DP 

with 

SnCl2 

N 

dry at 383 K; 

calcine at 823 K for 

6 h 

SnCl2*2H2O alcohol 

Cond. 
C2H4(NH2)2 to 

TEDA and 

PIP 

nano and bulk 

SnO2 

UV-vis, FTIR, 

SEM, H2 TPR 
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4.6.2 Spectroscopy 

Table S4.2. Integrated peak areas IR of Adsorbed CD3CN normalized to DeAlBEA.  

 
Physisorb  

(2214 cm-1) 

SiOH  

(2275 cm-1) 

Open Sn site 

(2308 cm-1) 

Sn/DeAlBEA-WI-SnCl2 9.62 0.53 4.56 

Sn/DeAlBEA-WI-SnCl2-HCl 6.84 0.64 3.49 

Sn/DeAlBEA-WI-SnCl4 - HCl 8.99 1.46 4.68 

Sn/DeAlBEA-DI-Sn(acetate) 8.32 1.46 2.41 

DeAlBEA 1.00 1.00 0.00 

 

A) 

 
B)  

 
Figure S4.1. A) EXAFS fit of Sn/DeAlBEA-0.36. Fit 1b in Table S3. B) EXAFS fit of Sn/DeAlBEA-0.15. 
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Table S4.3. Fitting parameters for Sn/DeAlBEA-0.36. Amplitude reduction factor determined from SnO2 and fixed 

in Sn/DeAlBEA fitting to 0.770. 

fit 

Red. 

chi-

square 

(χν
2) 

R-

factor 
Path N R (Å) σ2

 (10-3Å2) ΔE0 (eV) 

R 

range 

(Å) 

k 

range 

1a 1551.5 0.033 Sn-O 3.11  0.258 1.91  0.0087 2.96  1.07 5.41  1.26 1-3 3-12.5 

1b 1518.2 0.032 Sn-O 4.05  0.33 1.91  0.0087 3.15  1.06 4.00  1.26 1-3 3-12.5 

2 1600.9 0.023 
Sn-O 4.14  0.60 1.91  0.0093 3.43  1.13 

3.79  1.37 1-3 3-12.5 
Sn-Sn 0.377  0.755 2.54  0.036 1.16  9.79 

3a 1630.6 0.0254 

Sn-O 4.163  0.421 1.91  0.010 3.36  1.20 

4.17  1.72 1-3.5 3-12.5 Sn-Sn 2.67  3.07 3.15  0.044 14.4  11.3 

Sn-Cl 1.41  4.28 2.85  0.107 23.3  50.99 

3b 1782.2 0.0215 

Sn-O 4.14  0.38 1.91  0.0098 

3.41  1.18 3.66  1.29 1-3.0 3-12.5 Sn-Sn 0.67  0.45 3.11  0.032 

Sn-Cl 0.26  0.36 2.79  0101 

4 1915.9 0.030 
Sn-O 4.29  0.59 1.92  0.014 

3.61  1.49 4.38  1.98 1-3 3-12.5 
Sn-Cl 0.17  0.31 2.22  0.096 

 

4.6.3 BET Calculation318,319 

BET surface area was calculated from a linear regression of 𝐵𝐼 vs 𝑃𝑟𝑒𝑙𝐼  

𝐵𝐼 =
𝑃𝑟𝑒𝑙𝐼

(1 − 𝑃𝑟𝑒𝑙𝐼) ∗ 𝑁𝑎𝑑𝑠𝐼 
 

Where 𝐵𝐼 is in g/cm3 at standard temperature and pressure, 𝑃𝑟𝑒𝑙𝐼  is relative pressure, and 𝑁𝑎𝑑𝑠𝐼 is 

gas adsorbed after equilibration at the Ith dose in cm3 at standard temperature and pressure. 

 

The surface area is then calculated as follows: 

𝑆𝐴𝐵𝐸𝑇 =
𝐶𝑆𝐴 ∗ 6.023 ∗ 1023

22414 𝑐𝑚3𝑆𝑇𝑃 ∗ 1018 𝑛𝑚2

𝑚2 ∗ (𝑆 + 𝑌𝐼𝑁𝑇)
 

Where CSA is the adsorbate molecular cross-sectional area in nm2 (0.162 nm2 for N2), S is the 

slope of the 𝐵𝐼 vs 𝑃𝑟𝑒𝑙𝐼  fitting in g/cm3 at standard temperature and pressure, 𝑌𝐼𝑁𝑇 is the intercept 

of the 𝐵𝐼 vs 𝑃𝑟𝑒𝑙𝐼
 fitting in g/cm3 at standard temperature and pressure. 
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4.6.4 Conversion, selectivity, STY, and forward rate constant calculations 

The conversion was calculated on a molar basis, using the equation below: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 % = 
𝐼𝑛𝑙𝑒𝑡 𝑚𝑜𝑙 𝐶3𝐻8 − 𝑂𝑢𝑡𝑙𝑒𝑡 𝑚𝑜𝑙 𝐶3𝐻8

𝐼𝑛𝑙𝑒𝑡 𝑚𝑜𝑙 𝐶3𝐻8
∗ 100% 

Carbon selectivity was calculated using the following equation: 

𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 % =
𝑚𝑜𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∗ 𝐶#

∑(𝑚𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∗ 𝐶#)
∗ 100% 

Molar selectivity was calculated using the following equation: 

𝑚𝑜𝑙 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 % =
𝑚𝑜𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

∑(𝑚𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)
∗ 100% 

 

Net Site-Time Yield was calculated using the following equation: 

𝑆𝑇𝑌 (ℎ−1) =

𝑚𝑜𝑙 𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒 𝑓𝑜𝑟𝑚𝑒𝑑
ℎ

𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑚𝑎𝑠𝑠
 

Derivation of kf: 

This derivation makes the following assumptions: 

• Propane dehydrogenation and propene hydrogenation reactions are reversible. 

• The reaction occurs at low occupancy of Sn active sites, i.e., the inhibition of adsorbed 

products is negligible. 

• The rate of propane dehydrogenation is first-order in propane partial pressure. Similar 

kinetics are applied for the reversible hydrogenation reactions. 

𝐶3𝐻8 ↔  𝐶3𝐻6 +  𝐻2    

Net rate of propane dehydrogenation can be represented as : 

𝑅𝑃𝐷𝐻 = 𝑘𝑓−𝑃𝐷𝐻  𝑝𝐶3𝐻8 − 𝑘𝑟−𝑃𝐷𝐻  𝑝𝐶3𝐻6 𝑝𝐻2
 

𝑅𝑃𝐷𝐻 = 𝑘𝑓−𝑃𝐷𝐻𝑝𝐶3𝐻8 [1 −
1

𝐾𝑒𝑃𝐷𝐻
  
(𝑝𝐶3𝐻6𝑝𝐻2

)

𝑝𝐶3𝐻8
 ] 

𝑝𝐶3𝐻8 =
𝑝𝐶3𝐻8

0 (1−𝑋)

1+𝑦𝐶3𝐻8
0 𝑋

;    𝑝𝐶3𝐻6 =
𝑝𝐶3𝐻8

0 𝑋

1+𝑦𝐶3𝐻8
0 𝑋

;    𝑝𝐻2
= 𝑝𝐶3𝐻6 + 𝑝𝐻2

0  = 
𝑝𝐶3𝐻8

0 (𝑋+𝜃𝐻2)

1+𝑦𝐶3𝐻8
0 𝑋

 ; 𝜃𝐻2
=

𝑝𝐻2
0

𝑝𝐶3𝐻8
0  

𝑅𝑃𝐷𝐻 = −𝐹𝐶3𝐻8
0

𝑑𝑋

𝑑𝑊
 

−𝐹𝐶3𝐻8
0

𝑑𝑋

𝑑𝑊
= 𝑘𝑓−𝑃𝐷𝐻

𝑝𝐶3𝐻8
0 (1 − 𝑋)

1 + 𝑦𝐶3𝐻8
0 𝑋

[
 
 
 
 

1 −
1

𝐾𝑒𝑃𝐷𝐻
  

(
𝑝𝐶3𝐻8

0 𝑋

1 + 𝑦𝐶3𝐻8
0 𝑋

𝑝𝐶3𝐻8
0 (𝑋 + 𝜃𝐻2

)

1 + 𝑦𝐶3𝐻8
0 𝑋

)

𝑝𝐶3𝐻8
0 (1 − 𝑋)

1 + 𝑦𝐶3𝐻8
0 𝑋

 

]
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The forward rate constant (kf) was calculated using the following equation: 

𝑘𝑓−𝑃𝐷𝐻 =
𝐹𝐶3𝐻8

0 𝑀𝑊𝑆𝑛

𝑚𝑆𝑛𝑝𝐶3𝐻8
0 ∫

(1 + 𝑦𝐶3𝐻8
0 𝑋)

((1 − 𝑋) −  
(𝑝𝐶3𝐻8

0 )𝑋(𝑋 + 𝜃𝐻2

𝑜 )

𝐾𝑒𝑃𝐷𝐻(1 − 𝑋)
)

𝑋

0

𝑑𝑋 

 

Table S4.4. Activity of DeAlBEA and the thermal activity of the blank reactor (with quartz wool). Reaction 

conditions: 873K, 4.67 kPa C3H8, 1 atm, 20 mL/min total, 50. mg cat. 

Sample Conversion (%) CH4 Selectivity (%) C2H4 Selectivity (%) C3H6 Selectivity (%) 

DeAlBEA 0.89 29 29 42 

Blank 1.02 29 30 40 

 

Table S4.5.Turnover frequencies for Sn/DeAlBEA catalysts. Raw data  

Sample Conversion (%) C3H6 selectivity (%) TOF ((mol C3H6/h)/ mol M) 

Sn/DeAlBEA – 0.4 0.82 57.35 0.80 

Sn/DeAlBEA – 0.5 0.92 54.36 0.62 

Sn/DeAlBEA – 0.8 1.27 77.81 0.68 

DeAlBEA 0.89 42 - 

 

Table S4.6. Turnover frequencies for Sn/DeAlBEA catalysts. Activity of the supports (including thermal activity) 

subtracted from results.  

Sample Conversion (%) C3H6 selectivity (%) TOF ((mol C3H6/h)/ mol M) 

Sn/DeAlBEA – 0.4 0.084 100. 0.14 

Sn/DeAlBEA – 0.5 0.15 100. 0.19 

Sn/DeAlBEA – 0.8 0.57 95 0.43 

DeAlBEA 0.89 42 - 
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Figure S4.2. Effect of 1 h H2 pretreatment on Sn/DeAlBEA PDH performance.  

 
Figure S4.3. Turnover frequencies for PDH over Sn/SiO2 and Sn/DeAlBEA catalysts. Samples are labeled with 

Sn/nm2 loading. Reaction data was collected at 873K, 4.67 kPa C3H8, and 20 mL/min total flow. 
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4.6.5 Summary of Tin PDH Catalysts  

Table S4.7. Activity of Sn/DeAlBEA and Sn/SiO2 catalysts. 

Re

f 

Support Pre

p 

Sn 

wt.

% 

Surface 

area  

(m2/g) 

M 

atom/nm2 

PC3H8 

(kPa) 

T (K) Spacetime 

(mol Sn*s/ 

mol C3H8) 

Conv. 

(%) 

Select. 

C3H6 

(%) 

kf (mol 

C3H6/ 

(h.bar.mol 

Sn) 
40 Sn/SiO2 Iso 32.8 637 2.61 101 873 139.31 10 80 2.90 
40 Sn/SiO2 Iso 4.52 598 0.38 101 873 19.20 15 85 34.04 
40 Sn/SiO2 Iso 3.34 670 0.25 101 873 14.17 17 88 54.09 
40 Sn/SiO2 Iso 1.74 750 0.12 101 873 7.41 18 87 111.61 
40 Sn/SiO2 Iso 0.69 611 0.06 101 873 2.91 13 73 188.43 
36 Sn/SiO2 IWI 30.0 378 4.02 100 873 0.48 17 86 229.26 
40 Sn/SiO2 IWI 20.0 378 2.68 100 873 0.72 28 87 748.45 
40 Sn/SiO2 IWI 10.0 378 1.34 100 873 1.45 35 88 2964.95 
40 Sn/SiO2 IWI 7.52 378 1.01 100 873 1.92 35.4 88.5 4241.82 
40 Sn/SiO2 IWI 5.00 378 0.67 100 873 2.89 37 87 6460.41 
40 Sn/SiO2 IWI 2.00 378 0.27 100 873 7.23 32 86 10345.65 
39 Sn/SiO2 Iso 10.0 799 0.63 100 873 1.04 36 93 5125.93 
40 Sn/SiO2 Iso 2.00 1065 0.10 100 873 5.19 22 87 6863.30 
40 Sn/SiO2 Iso 5.00 950 0.27 100 873 2.08 42 91 8990.73 
41 Sn/SiO2 IWI 3.82 311 0.62 101 873 78.60 30 90 24.71 
41 Sn/SiO2 IWI 2.57 315 0.41 101 873 52.88 28.5 90 32.73 
41 Sn/SiO2 IWI 0.83 329 0.13 101 873 17.08 13.5 85 33.62 
41 Sn/SiO2 IWI 1.36 327 0.21 101 873 27.98 22.5 89 40.66 
41 Sn/SiO2 IWI 1.96 322 0.31 101 873 40.33 28 90 41.37 
41 Sn/SiO2 IWI 1.78 327 0.28 101 873 36.62 28.5 90 47.26 
38 Sn/MCM-41 

 
5.12 1121 0.23 101 853 105.34 30 96.32 25.36 

38 Sn/Sil-1 
 

7.88 416 0.96 101 853 162.07 9 96.17 2.23 
38 Sn/Sil-2 

 
5.12 288 0.90 101 853 105.34 11 95.21 4.32 

38 Sn/Sil-1 
 

5.12 416 0.62 101 853 105.34 20 96.33 9.50 
247 NaSn/DeAlBEA WI 7.19 451 0.81 20 903 205.61 32 94 7.12 
247 NaSn/DeAlBEA WI 4.41 457 0.49 20 903 126.01 40 92 15.81 
247 NaSn/DeAlBEA WI 2.72 456 0.30 20 903 77.83 33 91 19.58 
247 Sn/DeAlBEA WI 7.19 416 0.88 20 903 205.61 33 92 7.41 
247 Sn/DeAlBEA WI 2.72 460 0.30 20 903 77.83 26 79 14.45 
247 Sn/DeAlBEA WI 4.41 461 0.48 20 903 126.01 38 84 14.68 

- Sn/DeAlBEA WI 12.8 496 1.31 4.67 873 74.57 1.27 68 0.62 

- Sn/DeAlBEA WI 4.16 539 0.39 4.67 873 24.25 0.81 57 1.20 

- Sn/DeAlBEA WI 7.02 516 0.69 4.67 873 40.93 0.98 55 0.86 
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5 Characterization and Kinetics of PtSn/DeAlBEA for Propane Dehydrogenation 

5.1 Introduction 

Recent interest in the direct dehydrogenation of propane to propene has been motivated by 

the growing industrial demand for propene and the realization that it cannot be met by catalytic 

cracking of petroleum and steam cracking to naphtha.3,5 At the same time, propane has become 

increasingly available from shale gas. Hence, propane dehydrogenation (PDH) offers a way to 

close the gap between propene demand and its availability from petroleum.320 The most 

extensively investigated catalysts for PDH are supported Pt and bimetallic PtSn.5,12 Previous 

studies have found that Pt is quite active for PDH but suffers from deactivation and poor 

selectivity.17–19 However, the activity, propene selectivity, and stability of Pt improve with 

decreasing particle size and are best for isolated Pt atoms.15,16 Both experimental and theoretical 

studies have shown that the addition of Sn increases the dispersion of Pt, enhances the rates of 

PDH, and reduces the rate of coke formation.22–26 PtSn catalysts contain a variety of structures and 

Pt/Sn ratios, e.g., Pt particles, PtSn bimetallic alloys (e.g., Pt3Sn, PtSn), small, supported PtSn 

bimetallic particles, and isolated Pt atoms interacting with Sn,3 the nature of these structures 

depending on the catalyst preparation procedure, Pt/Sn ratios, and support composition.21,144,321–

323 Pt3Sn is often cited as the most active bulk alloy,23 although PtSn has also been shown to be 

active.52 The addition of hydrogen to the feed propane has been reported to enhance the rate of 

PDH by up to 4-fold, with an optimum propane-to-hydrogen ratio of 1:1.24,324 Hydrogen addition 

also decreases the deactivation of PtSn catalysts due to coking by removal of coke precursors 

through reaction with atomically adsorbed hydrogen,24 an interpretation supported by theoretical 

studies.325,326 Hydrogen addition has also been found to cause restructuring of PtSn particles and 

increase Pt-Sn interactions.154,327,328  

The resistance of Pt and PtSn clusters and nanoparticles to sintering can be improved by 

encapsulating them within the pores of a zeolite. Of particular interest has been the idea of using 

dealuminated Beta zeolite (DeAlBEA) containing non-noble metal sites (Zn, Sn,...). DeAlBEA is 

formed by removal of framework aluminum atoms to create silanol nests that can then be used to 

host non-noble metals in the form of (≡SiO)n-mMn+-(OH)m (n is the oxidation state of M ranging 

from 1+ to 4+ and 0 ≤ m ≤ n). These groups then serve as anchors for Pt and facilitate the 

achievement of a high dispersion of Pt.5,12,20,21 A further advantage of using a siliceous/non-acidic 

support is elimination (or at least reduction) of Brønsted acid sites that can promote coking and, 

hence, reduce propene selectivity and catalyst stability. In the absence of supported Pt, 

Sn/DeAlBEA is not very active for PDH.39,40,247 However, dispersion of Pt on Sn/DeAlBEA 

produces a highly active, selective, and stable catalyst for PDH.21,31,32,256 The active site in 

PtSn/DeAlBEA has been proposed to be single Pt atoms21 or small clusters of Pt atoms stabilized 

by Sn in the zeolite framework.21,31,32 Different methods of PtSn/DeAlBEA preparation and 

pretreatment have been reported. Previous investigations that varied Sn and Pt loadings found that 

the optimum PDH activity is achieved for Sn/Pt = 3, Sn/Pt = 1, or Sn/Si = 80 (Sn/Pt = 9.9).21,32 An 

important finding of catalyst pretreatment is that direct reduction of PtSn/DeAlBEA results in a 

more stable and active catalyst than calcination followed by reduction due to the formation of 

smaller Pt domains upon direct reduction.21  
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Despite substantial previous work on PtSn/DeAlBEA as a catalyst for PDH, the details of 

how Pt interacts with Sn in these materials are not fully clear. We also note that most previous 

studies of PtSn/DeAlBEA have not investigated the effects of catalyst composition and structure 

on the reaction kinetics. Moreover, comparison of the activities of catalysts reported by different 

investigators is difficult because most report the net rate of propene production without considering 

the effects of propane conversion and the approach to equilibrium of this intrinsically reversible 

reaction. While some reports have isolated the apparent, first-order rate coefficient for propane 

dehydrogenation, most do not.20,329,330 Therefore, it is not possible to define how catalyst 

composition and structure affect catalyst activity for propane dehydrogenation. 

Here, we describe the preparation and characterization of Sn/DeAlBEA and Pt/SnDeAlBEA 

with the aim of establishing how Sn is anchored to DeAlBEA and how the environment of Pt 

changes with Sn/Pt ratio at a fixed Sn content. We then investigate how the dispersion of Pt and 

its interactions with Sn affects the PDH activity and kinetics of PtSn/DeAlBEA. The forward rate 

constant for PDH (kf,app) is calculated from measurements of the net rate of propene formation to 

properly account for the effects of reaction conditions (T, PC3H8, weight-hourly space velocity 

(WSHV), etc.), which affect the propane conversion and the approach to thermodynamics 

equilibrium. We find that Sn interacts with the silanol nests of DeAlBEA to form Sn(IV) cations 

that are four-fold coordinated as (≡Si-O)4Sn structures within the zeolite framework, that 

PtSn/DeAlBEA contains multiple types of Pt sites, and that the interactions of Pt with Sn change 

with Sn/Pt ratio. We also find that the value of kf,app decreases as the Pt/Al ratio increases (at a 

fixed Sn/Al ratio), suggesting that highly dispersed Pt structures are the most active for PDH. Our 

EXAFS data suggest that the most active form of Pt is a Pt3 cluster interacting with Sn(IV) in the 

framework of BEA. Compared to previously reported PtSn catalysts, the PtSn/DeAlBEA catalysts 

reported here exhibit exceptionally high values of kf,app. 

 

5.2 Experimental Methods 

5.2.1 Catalyst Preparation 

H-BEA was prepared by heating NH4-BEA (Alfa Aesar, Si/Al = 12.5) in a quartz boat 

placed in a quartz tube at 5K/min to 773 K and maintained at this temperature for 4 h in dry 

synthetic air (Praxair, ultra-zero, 100 mL/min). H-BEA was dealuminated in 13 M HNO3 for 20 h 

at 373K with stirring. The solution was filtered and washed extensively with deionized water. The 

filter cake was dried at 393 K overnight to yield dealuminated BEA (DeAlBEA). This technique 

has been shown by 27Al NMR to remove framework and extra-framework Al completely.20 

Sn and Pt were introduced sequentially to DeAlBEA via wetness impregnation. SnCl22 

H2O (98.0-103.0%, from Alfa Aesar) was dissolved in ethanol and stirred for 30 min prior to 

impregnation. The amount of metal was determined by the desired weight loading, while the 

amount of liquid was kept constant for the weight of DeAlBEA (5.6 mL liquid per gram of 

DeAlBEA). The solution was added to the siliceous support, and the mixture was ground until all 

the liquid evaporated (~30 min). The samples were then dried overnight in air at 393 K, followed 

by calcination in air at 873 k for 2 h. Pt was introduced to both Sn/DeAlBEA and DeAlBEA. To 

do so, Pt(NO3)4(NH4)2 was dissolved in water and stirred for 30 min prior to impregnation. The 

amount of metal was determined by the desired weight loading, while the amount of liquid was 
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kept constant relative to the weight of Sn/DeAlBEA (2.8 mL liquid per gram of Sn/DeAlBEA). 

The solution was added to the siliceous support, and the mixture was ground until all the liquid 

evaporated (~60 min). Samples were then dried at 393 K for 2 h in static air, followed by heating 

to 623 K for 2 h. These samples are designated as PtSn/DeAlBEA-XX, where XX indicates the 

Pt/Al ratio. 

 

5.2.2 Catalyst Characterization  

Specific surface areas of samples were determined by N2-adsorption using a Micrometrics 

Gemini VII instrument. 40-45 mg of catalysts were dehydrated overnight in vacuum at 453 K. 

Then, nitrogen (Praxair, UHP) was adsorbed at 77 K to measure an adsorption isotherm. 

Calculations of the Brunauer–Emmett–Teller (BET) surface area are included in the supplemental 

information (SI S.1). Metal content was measured with inductively coupled plasma-optical 

emission spectrometry (ICP-OES).  

Infrared (IR) spectra were collected in transmission mode using a Nicolet 6700 Fourier 

transform spectrometer. Samples (~35 mg) were pressed into thin pellets and loaded into an 

infrared cell equipped with CaF2 windows. Helium (Praxair, ultra-zero, 100mL/min) was used as 

a carrier gas. The sample was then dehydrated at 573 K for 2 h to acquire spectra. Spectra were 

collected by averaging 64 scans at a resolution of 1 cm-1 at 473 k and 293 K. For IR studies of 

adsorbed pyridine, 2 L of adsorbate was injected into the helium feed stream heated to 373 K 

with heating tape. Spectra were recorded at 10, 20, and 30 min after injection. To obtain IR spectra 

of adsorbed CO, 1% CO/He (Praxair, CSG) was flowed over the sample for 20 min. Then, the IR 

cell was flushed with He, and spectra were recorded. Spectra were baseline corrected with a spline 

function and normalized to the intensity of Si−O−Si framework overtone bands occurring between 

1700 and 2000 cm−1. The IR spectra of the adsorbed probe molecule presented were corrected by 

subtracting the initial spectrum of the sample taken at the adsorption temperature.  

Powder X-ray diffraction (XRD) patterns were collected with a D8 Discover GADDS 

Powder XRD instrument, which uses Cu-Kα radiation. XRD patterns were collected at room 

temperature, scanning between 7.5° and 80° with 5 frames. Depending on the noise and 

crystallinity of the samples, 60 or 300 s of contact of the adsorbate with the solid was used to 

achieve equilibrium.  

X-ray absorption spectroscopy (XAS) was performed at the Stanford Synchrotron 

Radiation Laboratory (SSRL). XAS measurements were performed in fluorescence mode. The 

monochromator energy was calibrated with Pt foil. The Pt L3 edge was probed at beamline 9-3 

using the 3 mm capillary sample holder. The flow rate of gases to the sample holder was regulated 

with digital mass flow controllers. The outlet gas was monitored with an in-line mass spectrometer. 

Ambient samples were measured in flowing He (Praxair, ultra-zero); samples were then heated to 

823 K in flowing He and held for 30 min. Samples were then cooled to room temperature, and 

XAS spectra were collected. XAS data analysis was performed with the Athena/Artemis software 

using the FEFF routine.  

5.2.3 Catalyst Activity  

Studies of propane dehydrogenation were carried out using 5 mg of catalyst loaded into a 

quartz tube reactor (4 mm inner diameter). Quartz wool was used to support the catalyst bed. Tests 

were performed at atmospheric pressure and 823 K. Catalysts were heated to 823 K at 15 K/min 
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in air and held in He (Praxair, ultra-zero) at 823 K for 30 min. Then, 20.2% C3H8/He (Praxair, 

CSG) diluted with He (Praxair, ultra-zero) to achieve a desired C3H8 composition was fed to the 

reactor. A total flow rate of 200 mL/min (0.7 kPa propane) was used as a reference condition. 

Reaction products were analyzed with an in-line 7890A Agilent Gas Chromatograph equipped 

with a 25 m HP-PLOT Q column and a flame ionizing detector (FID). Conversion and selectivity 

are reported on a molar basis. Net Site-Time Yield (STY) of propene is reported as moles of 

propene per hour per mole Pt. Equations for calculating conversion, selectivity, and STY are given 

in the SI.  

5.3 Results and Discussion 

The metal weight loading and metal atom distribution for each catalyst are reported in 

Table 5.1. The BET surface area of all samples is essentially the same (498.2  19.6 m2/g) and 

does not change notably upon the introduction of Sn and Pt. Powder XRD patterns presented in 

Figure 5.1 show that all of the samples are identical to that of the parent H-BEA, confirming the 

maintenance of the BEA crystal structure through dealumination and introduction of metals. No 

peaks indicative of bulk Pt or PtSn nanoparticles are observed. Since XRD can only detect 

nanoparticles greater than 2.5-2 nm in size and ~1% by volume,269–272 the absence of diffraction 

peaks does not entirely eliminate the presence of these particles but only means that their particle 

size is below the XRD detection limit. These XRD results suggest that adding Pt at high loadings 

(Pt/Al = 0.2) does not change bulk structures in these PtSn/DeAlBEA catalysts. The absence of 

peaks for Pt or PtSn nanoparticles is also true for lower loadings of Pt in PtSn/DeAlBEA.  

Table 5.1. Characteristics of HBEA, DeAlBEA, Sn/DeAlBEA, Pt/DeAlBEA, and PtSn/DeAlBEA. 

Sample Name Pt wt.% Sn wt.% Pt/Al Sn/Pt Sn/Al BET area (m2/g) 

HBEA 0 0 0 - - 469.7 

DeAlBEA 0 0 0 - - 515.6 

Pt/DeAlBEA-0.001 0.03 0 0.001 - - 495.5 

Pt/DeAlBEA-0.026 0.62 0 0.026 - - 490.4 

PtSn/DeAlBEA-0.001 0.03 1.9 0.0014 96.7 0.13 454.4 

PtSn/DeAlBEA-0.002 0.05 1.8 0.0021 59.2 0.13 477.0 

PtSn/DeAlBEA-0.003 0.06 1.8 0.0026 47.8 0.13 522.9 

PtSn/DeAlBEA-0.013 0.32 2.4 0.013 12.6 0.17 509.9 

PtSn/DeAlBEA-0.015 0.36 2.4 0.0150 10.8 0.16 497.0 

PtSn/DeAlBEA-0.020 0.48 2.2 0.0199 7.674 0.15 502.7 

PtSn/DeAlBEA-0.026 0.62 2.5 0.0258 6.63 0.17 517.0 
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Figure 5.1. XRD patterns of HBEA, DeAlBEA, Sn/DeAlBEA, and PtSn/DeAlBEA. 

5.3.1 IR Spectra of pyridine adsorbed on Sn/DeAlBEA, Pt/DeAlBEA, and PtSn/DeAlBEA 

IR spectra of adsorbed pyridine can be used to identify the relative amounts and strengths 

of Brønsted and Lewis acid sites. IR spectra of adsorbed pyridine on DeAlBEA, Sn/DeAlBEA, 

Pt/DeAlBEA, and PtSn/DeAlBEA are shown in Figure 5.2. Distinct peaks are evident 

corresponding to pyridine interacting with silanol nests (1592 cm-1 and 1445 cm-1) and Lewis acid 

sites (1600-1612 and 1450 cm-1), and pyridinium ions formed via interaction of pyridine with 

Brønsted acid sites (1544 cm-1).244,251,331,332 Blue shifts in the frequency of the pyridine peak above 

1600 cm-1 indicate increasing Lewis acid strength.32,257 The peak at 1490 cm-1 corresponds to 

pyridine interactions with both Lewis and Brønsted acid sites. Dealuminated BEA exhibits peaks 

at 1592 and 1445 cm−1 ascribed to the interaction of pyridine with H atoms of the Si−OH groups 

in the silanol nests of DeAlBEA,259 but no peaks are present corresponding to Brønsted acid sites 

(1544 cm-1). It is notable that the spectrum of pyridine adsorbed on Pt/DeAlBEA is very similar to 

that of DeAlBEA. The absence of a change in the intensity of the peaks for pyridine interacting 

with silanol groups suggests that the introduction of Pt does not perturb or consume these groups. 

When pyridine is adsorbed on Sn/DeAlBEA, the presence of Lewis acid sites is clearly evident, 

and a significant reduction occurs in the intensity of the bands at 1592 and 1445 cm-1 for pyridine 

interacting with silanol groups. Introduction of Pt to Sn/DeAlBEA results in a reduction in the 

peaks for pyridine interacting with Sn Lewis acid sites (1600-1612 and 1450 cm-1), suggesting this 

is due to the interaction of Pt with Sn cations. In summary, the IR spectra of adsorbed pyridine 

confirm the presence of Sn Lewis acid sites in Sn/DeAlBEA and show a decrease in these Sn-

pyridine interactions upon Pt introduction to form PtSn/DeAlBEA. 
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Figure 5.2. IR spectra of pyridine adsorbed on DeAlBEA, Sn/DeAlBEA-0.13, Pt/DeAlBEA, and PtSn/DeAlBEA-

0.013. 

5.3.2 IR of CO Adsorbed on Pt/DeAlBEA and PtSn/DeAlBEA 

The IR spectra of CO adsorbed on Pt/DeAlBEA and PtSn/DeAlBEA are shown in Figure 

5.3. For PtSn/DeAlBEA-0.001, the IR spectrum of adsorbed CO exhibits peaks at 2068 cm-1 and 

2136 cm-1. As the Pt/Al ratio increases, a peak at 2097 cm-1 appears for PtSn/DeAlBEA-0.003 and 

is maintained until the Pt/Al ratio reaches 0.02. At an intermediate Pt/Al ratio (0.013), the spectrum 

of adsorbed CO exhibits also displays a peak at 2089 cm-1. This peak is maintained at higher Pt/Al 

ratios as well. At the highest Pt/Al ratio (0.026), the IR spectrum of adsorbed CO on 

PtSn/DeAlBEA exhibits peaks at 2092 cm-1 and 2127 cm-1. The IR spectra of CO adsorbed on 

Pt/DeAlBEA with low and high Pt/Al ratios (0.001 and 0.026) are also shown for comparison. The 

IR spectrum of CO adsorbed on Pt/DeAlBEA-0.001 displays one broad peak at 2092 cm-1, whereas 

the spectrum for Pt/DeAlBEA-0.026 exhibits two peaks at 2090 cm-1 and 2112 cm-1.  

All samples of PtSn/DeAlBEA also exhibit a peak above 2120 cm-1; as the Pt/Al ratio 

increases, this peak becomes broader, and the area below 2130 cm-1 increases. At higher Pt/Al 

ratios (>0.013), the IR spectrum of adsorbed CO shows a broad peak centered between 2085-2095 

cm-1. At low Pt/Al ratios (0.001-0.003), a peak at 2068 cm-1 is also present. The IR spectrum for 

PtSn/DeAlBEA-0.026 resembles that for Pt/DeAlBEA-0.026, but the peak above 2120 cm-1 is 

blue-shifted relative to that for Pt/DeAlBEA-0.026. For Pt/DeAlBEA-0.001, a blue shift in the 

frequency of the IR band of adsorbed CO is seen relative to the major peak for Pt/DeAlBEA-0.026.  

After PDH, a decrease occurs in the intensity of the CO peaks appearing above 2120 cm-1 

for both PtSn/DeAlBEA and Pt/DeAlBEA catalysts relative to those for the dehydrated catalysts 

(Figure S5.2). At Pt/Al ratios less than or equal to 0.020, a small peak above 2120 cm-1 persists 

for PtSn/DeAlBEA; this high-frequency CO IR peak disappears completely for PtSn/DeAlBEA-

0.026 and Pt/DeAlBEA-0.026 after reaction. After the PDH, PtSn/DeAlBEA with Pt/Al ratios 

from 0.001 to 0.020 also exhibit peaks at 2089 cm-1 and 2068 cm-1.  

The IR frequency of CO adsorbed on Pt is influenced by the CO coverage and the electronic 

state of the Pt (i.e., oxidation state, support composition, neighboring elements, and dispersion), 

discussed in detail in Chapter 1 of this thesis. IR peaks for linearly adsorbed CO on Pt can be 
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grouped into those for CO interacting with positively charged Pt (2110-2300 cm-1) and zero-valent 

Pt (2050-2100 cm-1).44–46,333 Therefore, the peaks observed between 2140 and 2120 cm-1 in Figure 

5.2 are consistent with CO adsorbed on positively charged Pt.45,96,99,149 This assignment is 

supported by the observed decrease in the areas of these peaks after exposure of PtSn/DeAlBEA 

to reducing conditions during PDH. (Figure S5.2). Molecular orbital theory also supports this 

assignment; more positively charged Pt species will have less significant back-donation of 

electrons to adsorbed CO and, in turn, a stronger C-O bond and a higher stretching frequency.69,84,85 

The increase in the frequency of the band < 2100 cm-1 for CO adsorbed on PtSn/DeAlBEA relative 

to Pt/DeAlBEA suggests that Pt is more electron-deficient when supported on Sn/DeAlBEA than 

DeAlBEA.  

The IR peak for adsorbed CO observed at 2097 cm-1 is consistent with Pt interacting with 

framework Sn or oxygen. Similar shifts in v(CO) (~10 cm-1) relative to Pt/DeAlBEA have also 

been reported for PtSn/DeAlBEA prepared by other investigators.31 Additional studies have 

observed blue-shifted CO peaks when Pt interacts with Sn due to electron-withdrawing 

interactions of Pt with Sn.145,148,165 This assignment suggests that Pt interacting with a framework 

Sn or O species has a lower electron density than large Pt clusters. The absence of a peak at 2097 

cm-1 for CO adsorbed on Pt/DeAlBEA, even at low Pt/Al ratios, suggests that Sn is necessary to 

create positively changed Pt, narrowing the potential species to Pt-Sn or Pt-O-Sn interactions. 

Either way, the peak at 2097 cm-1 can be assigned to Pt interacting closely with electron-

withdrawing species in the BEA framework. 

The peaks for adsorbed CO appearing at 2080-2095 cm-1 correspond to CO linearly 

adsorbed on metallic Pt clusters.54,138,149,159,334 This region accounts for the majority of the spectral 

peak area for Pt/DeAlBEA and PtSn/DeAlBEA at high Pt/Al ratios (0.026). The growth of the area 

of this peak after reaction (Figure S5.2) also supports this assignment. For Pt/DeAlBEA-0.001, the 

blue shift in this peak position relative to that for Pt/DeAlBEA-0.026 is inconsistent with a 

decrease in Pt particle size and increasingly undercoordinated Pt sites but can be attributed to a 

stronger support interaction at low Pt/Al ratios.136 The observed IR frequency for CO adsorbed on 

Pt/DeAlBEA-0.001 is still lower than that for CO adsorbed on Pt interacting with Sn or fully 

isolated Pt.21,31,118–123 Notably, these C-O stretching frequencies are slightly red-shifted relative to 

those observed for PtSn/DeAlBEA, consistent with electron withdrawal and increased Pt 

dispersion due to the interaction of Pt with Sn.  

The peak at 2068 cm-1 can also be attributed to CO interacting with Pt-Sn species. The red 

shift of this peak relative to other observed CO frequencies is consistent with more electron-rich 

Pt species. Several studies have observed similar peak positions for PtSn and Pt3Sn 

alloys.48,54,55,145,159,335 We note that there is no evidence for the formation of PtSn alloys in the 

samples of PtSn/DeAlBEA prepared for this study.  

To summarize, the IR spectra of adsorbed CO suggest that, at low Pt/Al ratios, 

PtSn/DeAlBEA contain both positively charged Pt species (CO = 2136 cm-1) and Pt interacting 

with Sn (𝜈CO = 2068 cm-1). Pt clusters (CO = 2089 cm-1) are formed as the Pt/Al ratio increases ( 

0.013). At the highest Pt/Al ratio (0.026), CO adsorbed on PtSn/DeAlBEA only exhibits IR peaks 

corresponding to positively charged Pt (CO = 2136 cm-1) and metallic Pt clusters (CO = 2089 cm-

1). Pt/DeAlBEA exhibits CO IR peaks characteristic of metallic Pt clusters at high and low Pt/Al 

ratios (0.026 and 0.001). Thus, IR spectroscopy of adsorbed CO confirms the importance of Sn in 

the dispersion of Pt supported on DeAlBEA.  
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Figure 5.3. Infrared spectra of CO adsorbed on Pt/DeAlBEA and PtSn/DeAlBEA at 303 K under flowing He. 

Spectra are offset for clarity. 

IR spectra were also collected during CO desorption from PtSn/DeAlBEA and 

Pt/DeAlBEA, as shown in Figure S5.1. The spectra of CO desorbing from Pt/DeAlBEA-0.076, 

PtSn/DeAlBEA-0.026, and PtSn/DeAlBEA-0.013 all exhibit shifts in peak position for the peak 

corresponding to CO linearly adsorbed to Pt0 (2080-2095 cm-1) both with desorption of CO at 303 

K as a function of time and upon heating. By contrast, the spectra of CO adsorbed on 

PtSn/DeAlBEA-0.001 do not exhibit a shift in the position of the IR peaks for adsorbed CO during 

CO desorption. Shifts in the IR frequency of adsorbed CO with CO coverage are characteristic of 

CO desorption from Pt clusters.47,56,118,124 If neighboring Pt sites adsorb CO, the neighboring CO 

molecules experience dipole-dipole interactions, causing a blue shift in the observed frequency. 

As the CO desorbs, a red-shift in the CO frequency is observed as these dipole-dipole interactions 

diminish. As CO desorbs from PtSn/DeAlBEA-0.013, a new peak appears at 2110 cm-1 between 

the broad peaks at 2135 cm-1 and 2090 cm-1. This peak can be attributed to CO linearly adsorbed 

on isolated Pt atoms.336 These CO desorption experiments indicate Pt nanoparticles exist on 

Pt/DeAlBEA and PtSn/DeAlBEA samples with Pt/Al ratios ≥ 0.013. For PtSn/DeAlBEA-0.001, 

the IR spectra of adsorbed CO do not show evidence of a shift in peak position with changes in 

CO coverage, indicating that Pt is atomically dispersed either as single atoms or very small Ptx 

clusters.  

5.3.3 XAS characterization of Pt/DeAlBEA and PtSn/DeAlBEA 

The coordination and local environment of Pt were also probed with XAS. The intricacies 

of XAS analysis of Pt and PtSn materials have been thoroughly discussed in Chapter 2. To 

summarize, Pt XANES edge energies shift with the oxidation state and local environment, and 

careful fitting must be done to comprehensively analyze and interpret EXAFS data. XANES data 

for the Pt-L3 edge are presented in Figure 5.4A. Pt foil exhibits an edge energy of 11563.2 eV and 

a modest white line height, consistent with zero-valent Pt with Pt neighbors. XANES spectra of 
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Pt/DeAlBEA show a slight increase in edge energy (11563.7 eV) relative to Pt foil (11563.2 eV), 

as do the XANES spectra of PtSn/DeAlBEA-0.001 and PtSn/DeAlBEA-0.013, which both exhibit 

small increases in edge energies relative to Pt foil (11563.5 and 11563.6 eV, respectively). All 

DeAlBEA samples show higher white line intensities than that seen for Pt foil (1.28). The white 

line intensity decreases slightly with increasing Pt loading (1.51 for PtSn/DeAlBEA-0.001 vs 1.49 

for PtSn/DeAlBEA-0.013) and increases with the addition of Sn (1.44 for Pt/DeAlBEA-0.001 vs. 

1.51 for PtSn/DeAlBEA-0.001). The increases in edge energies and white line intensities relative 

to Pt foil for Pt/DeAlBEA and PtSn/DeAlBEA are consistent with a slight decrease in the electron 

density of Pt. Increases in the white line intensity have also been shown to correlate with reductions 

in Pt nanoparticle size.228,229 The XANES data shown in Figure 5.4A are consistent with positive 

and zero-valent Pt species identified by IR spectroscopy of adsorbed CO on Pt/DeAlBEA and 

PtSn/DeAlBEA. The observed decrease in the electron density of Pt with increasing Pt dispersion 

obtained from XANES data also agrees with the findings deduced from IR spectroscopy of 

adsorbed CO.206,227 The similarity in the value of edge energy observed for PtSn/DeAlBEA to that 

for Pt foil suggests that most of the Pt in PtSn/DeAlBEA-0.013, PtSn/DeAlBEA-0.001, and 

Pt/DeAlBEA-0.001 exists as Pt0, with only a minority of the Pt present in a higher oxidation state. 

EXAFS data for the Pt-L3 edge are presented in Figure 5.4B, and the fitting parameters are 

presented in Table 5.2. The EXAFS spectra for Pt foil are used to determine the amplitude 

reduction factor (0.798) and as a reference for metallic Pt-Pt interactions (RPt-Pt = 2.77 Å, CNPt-Pt 

= 12 (fixed)). The features in the R-space for Pt foil can be attributed conclusively to Pt-Pt 

interactions. The EXAFS fitting results for Pt/DeAlBEA-0.001 show Pt-Pt scattering paths (RPt-Pt 

= 2.76 Å, CNPt-Pt = 9.05  1.70) as well as Pt-O scattering paths (RPt-O = 1.92 Å, CNPt-O = 1.03  

0.69). PtSn/DeAlBEA-0.0013 and PtSn/DeAlBEA-0.001 are best fit with Pt-Pt, Pt-O and Pt-Sn 

paths. Fits of the EXAFS data for PtSn/DeAlBEA closely resemble those for Pt/DelABEA-0.001 

with the addition of a Pt-Sn path. On the other hand, PtSn/DeAlBEA-0.001 exhibits fewer Pt-Pt 

scatterers (RPt-Pt = 2.74 Å, CNPt-Pt = 3.90  1.92) and more Pt-O scatterers (RPt-O = 2.03 Å, CNPt-O 

= 3.24  0.60) relative to Pt/DeAlBEA-0.001 and PtSn/DeAlBEA-0.013. Additionally, there is a 

slight decrease in the Pt-Pt scattering distance. Decreases in the Pt-Pt distance and coordination 

number have previously been shown to coincide with decreases in Pt cluster size.223,226 

The EXAFS data for all samples exhibit Pt-Pt interactions (RPt-Pt = 2.74-2.77 Å, NPt-Pt > 1), 

indicating some degree of Pt-Pt clustering. The lowest Pt/Al ratio shows the lowest number of Pt-

Pt interactions (CNPt-Pt = 3), consistent with higher Pt dispersion for this loading. We note that 

even at intermediate Pt/Al ratios, the EXAFS pattern of PtSn/DeAlBEA resembles that of Pt foil. 

Specifically, high Pt-Pt coordination numbers are observed. The trends in Pt-Pt coordination 

numbers suggest that Pt dispersion increases with a reduction in the Pt/Al ratio and with the 

inclusion of Sn in the DeAlBEA framework. At all Pt/Al ratios, there are minimal Pt-Sn 

interactions (CNPt-Sn ≤ 1), suggesting that Pt and Sn do not form alloys in PtSn/DeAlBEA. 

Therefore, analysis of the EXAFS data is consistent with the presence of small, metallic Pt clusters 

that interact with framework Sn sites together with a small number of isolated Pt atoms that are 

positively charged, and as the Pt/Al ratio increases, the formation of small Pt nanoparticles with a 

CNPt-Pt = 9, which corresponds to a particle size of ~ 25 Å. 
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A)               B)      

 
Figure 5.4. A) Normalized Pt L3-edge XANES spectra and B) the magnitude of the Fourier-transformed k2-weighted 

EXAFS spectra of PtSn/DeAlBEA and Pt/DeAlBEA Catalysts at ambient conditions. Spectra are offset for clarity. 

Table 5.2. EXAFS Fitting Parameters for Pt L3-edge spectra of Pt/DeAlBEA and PtSn/DeAlBEA Catalysts. 

Sample 
Red. chi

2
 

(χ
ν

2
) 

R-

factor 
Path CN R

 
(Å) σ

2 
(10

-3
Å

2
) ΔE

0
 (eV) 

Pt foil 1031.9 0.0021 Pt-Pt 12 (fixed) 2.77 0.005 4.2  2.6 7.36  0.36 

Pt/DeAlBEA-

0.001 
71.3 0.021 

Pt-Pt 9.05  1.70 2.76  0.01 5.18  1.28 
6.60  1.64 

Pt-O 1.03  0.69 1.92  0.04 5.41  9.29 

PtSn/DeAlBEA-

0.001 
291.7 0.015 

Pt-Pt 3.90  1.92 2.74 0.03 
6.51  4.48 7.565.27 

Pt-Sn 1.07 0.80 2.920.05 

Pt-O 3.24 0.60 2.03 0.02 6.14  2.78 13.942.01 

PtSn/DeAlBEA-

0.013 
53.2 0.0014 

Pt-Pt 9.98  1.45 2.77  0.001 
4.63  1.32 6.34  3.09 

Pt-Sn 0.74  0.58 2.890.07 

Pt-O 1.810.72 2.070.04 8.416.21 17.32 3.49 

S0
2 = 0.798 

The XAS results reported here for Pt foil agree closely with those reported previously for 

the Pt L3 edge.118,125,154,211 We also note that the Pt-Pt and Pt-O distances identified in this study 

(2.69-2.74 Å) are similar to those reported in other studies of PtSn/DeAlBEA. The observation of 

large Pt clusters and evidence of Pt-Sn interactions have been reported previously for 

PtSn/DeAlBEA.337 Previous XAS studies of PtSn/DeAlBEA-0.014 have also reported evidence 

for isolated Pt in the as-prepared material (CNPt-Pt = 0) and small Pt clusters (CNPt-Pt = 3) following 

reduction.21 However, this study did not report Pt-Sn interactions but suggested that Pt interacts 

with Sn via Pt-O-Sn linkages. Attempts to fit Pt-O-Sn paths in our work resulted in non-sensical 

coordination numbers or worse fits than those obtained only using Pt-Sn paths. The different 

activities may be due to different pretreatment conditions; the samples in earlier work were reduced 

(in H2) at 773 K, while samples in the present study were treated in air at 623 K - a procedure 

chosen because it resulted in better Pt dispersion in Pt-Zn-DeAlBEA.20 Additionally, the 

Sn/DeAlBEA used in the earlier study was synthesized through hydrothermal structural 

reconstruction (dealumination, followed by hydrothermal introduction of Sn) rather than 

sequential dealumination and impregnation, as was done here. While XAS data for Pt/DeAlBEA 

at low Pt/Al ratios have not been reported previously, such data are available for isolated Pt sites 
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and Pt clusters on other supports. Evidence for significant Pt clustering (CNPt-Pt = 8) has also been 

reported previously for Pt/DeAlBEA (Pt/Al=0.014).21 These XAS results are similar to those 

presented here for Pt/DeAlBEA-0.001. XAS studies of isolated Pt on other supports (Pt1/CeO2 and 

Pt/SiO2) have shown that the EXAFS pattern of isolated Pt often resembles PtO2.128,227 These 

observations are consistent with the increases in edge energy and white line intensity for 

PtSn/DeAlBEA-0.001. In summary, the XAS results for PtSn/DeAlBEA-0.013 resemble those 

reported previously for PtSn/DeAlBEA, but these results exhibit unique Pt-Sn interactions (i.e., 

absence of alloying or bonding to oxygen).  

5.3.4 Characterization Summary 

To summarize, evidence from characterization of Pt/DeAlBEA and PtSn/DeAlBEA by 

UV-vis spectroscopy, IR spectroscopy of adsorbed pyridine and CO, and XAS suggests that these 

materials contain two types of Pt, as illustrated in Figure 5.5. The first is atomically dispersed Pt 

atoms interacting with either Sn(IV) contained in the zeolites framework or with O atoms 

associated with ≡SiOH groups in silanol nests. Such Pt atoms are partially charged due to electron 

transfer from the Pt atom to either framework Sn(IV) cations or the O atoms of silanol groups. The 

second form of Pt is small to medium-sized clusters in which one of the Pt atoms of the cluster 

interacts with framework Sn(IV) cations or the O atoms of silanol groups. When Pt is added to 

Sn/DeAlBEA, the Sn(IV) cations in the zeolite framework facilitate the dispersion of Pt into 

isolated Pt atoms and small Pt clusters. High Pt dispersion is achieved for Pt/Al <0.020 at a 

constant Sn/Al ratio of 0.15. For higher Pt/Al ratios, small nanoparticles are formed in 

PtSn/DeAlBEA, and in the case of Pt/DeAlBEA, for all Pt/Al ratios down to Pt/Al = 0.001. 

 
Figure 5.5. Potential Pt Structures in PtSn/DeAlBEA and Pt/DeAlBEA as a function of Pt/Al ratio. Hydrogen atoms 

are omitted for clarity. 
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5.3.5 Propane Dehydrogenation on Pt/DeAlBEA and PtSn/DeAlBEA 

The PDH activity and selectivity of Pt/DeAlBEA and PtSn/DeAlBEA catalysts are shown 

in Figure 5.6. The activities of both DeAlBEA and Sn/DeAlBEA are negligible compared to those 

of Pt/DeAlBEA and PtSn/DeAlBEA (Figure S5.6A). Time on stream data for PDH over 

PtSn/DeAlBEA are presented in Figure S5.6. All PtSn/DeAlBEA catalysts exhibit high selectivity 

to propene (> 97%). Additionally, PtSn/DeAlBEA exhibits better stability (kd = 0.002 h-1 for Pt/Al 

= 0.002 to kd = 0.071 h-1 for Pt/Al = 0.026) than Pt/DeAlBEA (kd = 0.19 h-1 for Pt/Al = 0.026) 

(Table S3). The PDH activity per total Pt atoms is highest at the lowest Pt/Al ratio, decreases with 

increasing Pt/Al ratio, and then plateaus at high Pt/Al ratios. This trend indicates that the most 

active Pt sites in PtSn/DeAlBEA are formed at the lowest Pt/Al ratios. The data shown in Figure 

5.6A are adjusted for the dispersion of Pt using the integrated intensity of the IR spectrum of 

adsorbed CO to estimate the fraction of accessible Pt sites (Figure 5.3, Table S5.1; Additional 

details of dispersion estimations are included in 5.6.2.1). As seen in Figure 5.6B, differences in Pt 

dispersion do not fully account for the significant decrease in dehydrogenation rate at high Pt/Al 

ratios. This figure also shows that even after adjustment for Pt dispersion, the activity of 

Pt/DeAlBEA-0.026 is significantly lower than that of PtSn/DeAlBEA, suggesting that a major part 

of the activity in the latter catalyst is attributable to small Pt clusters containing three or so atoms 

that interact with a Sn(IV) cation in the framework of Sn/DeAlBEA. 

A)                 B)        

 

 

 

 

 

 

 

 

 

Figure 5.6. A) Propane Dehydrogenation Activity of PtSn/DeAlBEA as a Function of Pt/Al ratio. Reaction Conditions: 

823 K, 0.7 kPa C3H8, 200 mL/min total flow. Sn/Al ratios are constant (Sn/Al = 0.2). B) Effect of Dispersion on 

Propane Dehydrogenation rate. Dispersion estimates derived from IR of adsorbed CO results (Table S5.1). 

5.3.6 Kinetics of PDH over PtSn/DeAlBEA Catalysts 

Figure 5.7 shows the dependence of the rate of PDH on the propane partial pressure 

measured at different reaction temperatures for three samples of PtSn/DeAlBEA. As noted in 

Table 5.3, all data were collected under conditions where the propane conversion ranged from 

2.5% to 26%, but the approach to thermodynamic equilibrium was much less than 2%. 

Consequently, the measured rates of propene formation can be regarded as the true forward rate of 

propane dehydrogenation, neglecting the reverse reaction, propene hydrogenation. For the 

purposes of fitting a rate expression to the data, the reactor was assumed to behave as a plug-flow 

reactor (PFR). This mode of data treatment is particularly important when the propane conversion 
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is > 5%. As discussed in S.8 of the SI, the basic form of the rate expression assumes that the rate-

limiting step for PDH is the dissociation of adsorbed propane and that the only relevant surface 

intermediates are adsorbed propane. This mechanism has been used successfully to interpret the 

rate of propane dehydrogenation over PtZn/DeAlBEA.20 Interestingly, a Langmuir-Hinshelwood 

rate expression considering appreciable propene site occupation also fit the data well; however, 

accounting for propene and propene site occupation simultaneously provided a worse fit (Table 

S5.8). IR spectroscopy was performed after the PDH reaction to look for evidence of adsorbed 

propene with the aim of distinguishing these rate laws (Figure S5.3). While the resulting spectra 

displayed C-H vibrational modes at 2950, 2919, and 2838 cm-1 attributable to adsorbed propane 

or propene, similar to what was observed in studies of PDH on Pt/SiO2,338–340 no evidence was 

found for C=C vibrational modes at 1650 cm-1 characteristic of molecular propene.341,342  

The rate laws and the corresponding rate parameters that give the best fit for each catalyst 

are shown in Table 5.3. The apparent activation energy is nearly the same (within error) for all 

Pt/Al ratios. Previous studies that varied Sn content at constant Pt loading also found that the 

activation energy for PDH remains nearly constant (58 - 62.7 kJ/mol for PtSn/NaY).343 The heat 

of propane adsorption becomes slightly more negative with increasing Pt/Al, although the 

significant errors in these values do not allow for definitive determination of this parameter. We 

note that the magnitude of this error is similar to that reported in previous studies.344–347 The 

similarity in the magnitude of the rate parameters for the three Pt/Al ratios suggests that similar 

active sites exist at all Pt/Al ratios, which suggests that the observed decrease in overall activity 

with increasing Pt/Al ratio, seen in Figure 5.6, is caused by dilution of active sites with much less 

active Pt species at high Pt/Al ratios. In other words, only the highly dispersed Pt species 

interacting with Sn are responsible for the observed PDH activity. This hypothesis is consistent 

with recent theoretical work showing that small Pt clusters interacting with Sn (e.g., Pt2Sn and 

Pt3Sn) are the most active and stable structures for PDH.348 

A)     B)          C) 

  
Figure 5.7. The dependence of the moles of converted C3H8 per mol Pt per s with propane partial pressure over 

PtSn/DeAlBEA was measured at different temperatures and 9.4 moles of propane/s per moles of Al for A) 

PtSn/DeAlBEA-0.001, B)PtSn/DeAlBEA-0.013, and C)PtSn/DeAlBEA-0.026. Colored circles indicate experimental 

data collected at various temperatures, and black curves show the calculated value obtained from the fitted kinetic 

parameters in Table 5.3.  
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Table 5.3. Fitted Kinetic Rate Laws of PtSn/DeAlBEA catalysts. 

Catalyst 
Conv. 

(%) 

Frac. 

Appr. 

to 

Equil. 

Rate law 

E1 

(kJ/

mol) 

Ln(A1) 

∆H 

(kJ/mol

) 

∆S 

(J/mol 

K) 

Eapp 

(kJ/mol

) 

Ln(Aapp

) 
R2 

PtSn/DeAlBEA-
0.001 

2.5 – 
6.9 

0.0001 
–0.0018 

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

 

50.68 

± 

6.31 

9.51 ± 
0.94 

-40.90 ± 
11.43 

-3.05 ± 
14.09 

9.78 ± 
17.74 

9.14 ± 
2.63 

0.981 

PtSn/DeAlBEA-

0.013 

7.7 – 

24 

0.0011–
0.015 

 

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

 
52.53 

± 

4.70 

8.65 ± 

0.70 

-51.37 ± 

10.68 

-15.52 ± 

13.16 

1.16 ± 

15.38 

6.78 ± 

2.28 
0.996 

PtSn/DeAlBEA-

0.026 

7.7 – 

26 

0.0011–

0.019 

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

 
55.06 

± 

3.36 

8.32 ± 

0.50 

-33.16 ± 

13.12 

1.54 ± 

16.17 

21.90 ± 

16.48 

8.51 ± 

2.44 
0.982 

Where 𝑘𝑎𝑝𝑝 = 𝑘1𝐾𝐶3𝐻8
 

Apparent activation energies for PDH over PtSn catalysts reported in the literature range 

from 26 to 212 kJ/mol (Table S5.10).344,345,349–352 This wide range has been attributed to differences 

in the size of Pt particles, dispersion, and Pt surface site accessibility for these different Pt 

catalysts.351 The apparent activation energies for PtSn/Al2O3 (44.7 to 169.7 kJ/mol) and 

PtSn/Mg(Al)O (34.6 to 81 kJ/mol) are generally higher than those reported here. The fitted 

enthalpies of propane adsorption for PtSn/DeAlBEA fall within the range previously reported for 

propane adsorbed on Pt and PtSn catalysts (-7.7 to -85.8 kJ/mol).345,350–353,353 It is notable, though, 

that the enthalpy for propane adsorption reported for supported Pt and PtSn catalysts is much 

smaller in magnitude than that for propane adsorption on Pt single crystal surfaces (-247.9 to -

283.8 kJ/mol).354  

5.3.7 Comparison of PDH Activity for PtSn/DeAlBEA to Those Reported in the Literature  

Comparison of the activities of the PtSn/DeAlBEA catalysts reported in this study to those 

for Pt and PtSn catalysts reported in the literature is challenging because the temperature, propane 

partial pressure, hydrogen partial pressure, propane conversion, and approach to equilibrium in 

each study are different. For this reason, all catalysts are compared on the basis of the apparent 

forward rate coefficient for PDH (kf,app) calculated as described in S.5 of the SI. To compensate 

for the sublinear dependence of the forward rate of PDH on the propane partial pressure observed 

in our study, the values of kf,app were calculated for data collected at a low propane partial pressure 

(0.7 kPa) and a high temperature (823K). A comparison of kf,app to k1 and KC3H8 for PtSn/DeAlBEA 

catalysts is included in Table S5.9. It is noted that a similar approach could not be used to determine 

values of kf,app from data reported for other Pt and PtSn catalysts, and hence, the values determined 

(see Table S5.4) may be underestimated for the reasons discussed below.  

Several variables affect the accuracy of the calculated value of kf,app. These include 1) the 

approach to equilibrium, 2) the effect of hydrogen in the reactor feed, and 3) the adsorption of 

reactants and/or products. As already noted, most authors described the rate of PDH by Langmuir-

Hinshelwood kinetics,344,345,347,349–352 in which case the calculated kf,app may be underestimated 

because it does not account for site blockage by adsorbed propane, propene, and hydrogen. The 

extent of underestimation of kf,app depends on the propane, conversion, and the heats of adsorption 

of propane, propene, and hydrogen. These individual effects are estimated to result in 2- to 4-fold 

increases in kf,app (an increase of 0.7 to 1.4 in ln(kf,app), with propene site-blocking having the most 

significant potential impact. The effect of site blocking on kf,app is discussed further in S.5.1. To 
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minimize these effects on the values of kf,app determined from data reported in the literature, data 

points collected with high approaches to equilibrium (> 0.6) and with high partial pressures of 

propene (>0.15 bar) were excluded from Figure 5.8 but are included in Table S5.4. The effects of 

Pt or PtSn dispersion were accounted for when metal dispersion was reported (see Table S5.4). 

Studies in which H2 was added to the feed are identified explicitly. 

Figure 5.8 shows values of kf,app for different Pt and PtSn catalysts. The values of kf,app for 

the PtSn/DeAlBEA catalysts prepared in this study are significantly higher than those previously 

reported for PtSn and Pt catalysts when compared at the same temperature (823 K) and in the 

absence of H2 addition to the feed. It is notable that values of kf,app for PtSn catalysts reported in 

Ref. 31 in which H2 was co-fed with propane are comparable to those observed for PtSn/DeAlBEA 

in the absence of added H2. To assess the effect of H2 addition on the activity of PtSn/DeAlBEA 

catalysts reported here, PDH was carried out with H2 co-fed over PtSn/DeAlBEA-0.001 (Figure 

S5.6B). The addition of H2 (1:1 C3H8:H2) resulted in a 25% increase in propane conversion, 

corresponding to a 26-fold increase in the value of kf,app, and the selectivity to propene increased 

slightly from 98 to 100%.  

 
Figure 5.8. Comparison of apparent first-order forward rate constant (kf,app) for various Pt and PtSn catalysts. Stars 

note catalysts from this work. Red bars are Pt-based catalysts, and blue bars are PtSn catalysts. Details concerning 

catalyst composition/structure and reaction conditions are reported in Table S5.4. References: 17,21,31,52,54,55,256,355–362 

The differences in values of kf,app for PtSn/DeAlBEA found in this study relative to those 

derived from data presented in the literature may be a consequence of the method used for catalyst 

preparation and pretreatment. Sequential grafting of Sn and Pt precursors results in the formation 

of alloyed PtSn nanoparticles coordinated to framework Sn sites.32 By contrast, sequential 

impregnation of Sn and Pt precursors, the method employed here and in other studies, results in 

framework Sn coordinated with isolated Pt species or small Pt clusters.21,31,256 The PtSn/DeAlBEA 

catalysts reported here were prepared with higher Sn/Pt ratios (Sn/Pt = 97 - 6.6) than those used in 

earlier studies (Sn/Pt = 0.5 - 10.1).21,31,256 Additionally, the Pt loading in the PtSn/DeAlBEA 

catalysts (0.03 – 0.62 wt.%) reported here is generally lower than that used in previous studies (0.3 

– 1 wt.%).21,31,256 One study also reports that direct reduction of PtSn/DeAlBEA results in a more 

stable and active catalyst relative to sequential calcination and reduction steps.21 This stability is 
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attributed to forming smaller Pt domains (Sn-O-Pt) with direct reduction.21 By contrast, we found 

that pre-reduction decreased the stability relative to pretreatment in He.  

The characterization data reported here suggests that the most active species in 

PtSn/DeAlBEA are small Pt clusters, containing on average three Pt atoms that interact with a 

Sn(IV) cation contained in the framework of DeAlBEA. This conclusion is also drawn in a recent 

theoretical investigation of Ptx (x = 1, 2, 3, 4) and PtxSny (x = 1, 2, 3 and y = 1 or x = 2 and y = 2) 

structures, which reported tradeoffs in PDH activity with increasing Pt nuclearity.348 Significant 

differences in rate-limiting steps and adsorbed species were found depending on the structure, but 

ultimately, Pt3Sn was identified as the most active and stable species for PDH. 

It is also interesting to compare the activity of PtSn/DeAlBEA to that of PtZn/DeAlBEA 

reported by the present authors.20 The most active PtSn/DeAlBEA catalyst (Pt/Al = 0.001) has a 

value of kf,app = 878 mol C3H6/(mol Pt·s·bar)) at 823 K, which is considerably higher than that for 

PtZn/DeAlBEA, kf,app = 37 mol C3H6/(mol Pt·s·bar))). We note, though, that PtSn/DeAlBEA 

deactivates more rapidly (kd = 0.002 to 0.071 h-1 for Pt/Al = 0.001 to 0.026) than PtZn/DeAlBEA 

(kd = 0.004 to 0.014 h-1 for Pt/Al = 0.04 to 0.1) This suggests that Zn is more effective than Sn in 

suppressing the formation of coke, the primary cause of deactivation. These findings are consistent 

with previous work that reported higher coking rates on PtSn/Al2O3 than PtZn/Al2O3 catalysts.173 

The decrease in coking rate was attributed to the ability of zinc to stabilize more highly dispersed 

Pt species.173 The differences in activity and stability of PtSn/DeAlBEA and PtZn/DeAlBEA may 

be due to differences in the number of heteroatoms (Zn or Sn) interacting with Pt. For instance, Pt 

in PtZn/DeAlBEA interacts with 4-6 Zn(II) sites, while Pt in PtSn/DeAlBEA only interacts with 

one framework Sn(IV) site and possibly a small number of other Pt atoms. This may be the reason 

for the high activity of PtSn/DeAlBEA, but also its greater susceptibility to deactivation relative 

to PtZn/DeAlBEA. 

5.4 Conclusions  

PtSn/DeAlBEA catalysts were prepared by adding Pt to Sn/DeAlBEA, a support derived 

by the reaction of Sn with silanol nests produced by the dealumination of BEA zeolite. 

Characterization of Sn/DeAlBEA showed that Sn is incorporated in the zeolite framework as 

Sn(IV) cations, replacing Al and the charge compensating proton in the parent H-BEA. The 

presence of Sn(IV) cations in Sn/DeAlBEA stabilizes Pt in the form of very small Pt clusters and 

Pt nanoparticles. By contrast, Pt introduction into DeAlBEA produced predominantly Pt 

nanoparticles. While Pt could be dispersed largely as small Pt clusters (containing ~ 3 Pt atoms) 

in PtSn/DeAlBEA for Pt/Al ratios  0.013, increased formation of large Pt clusters and 

nanoparticles occurred at higher Pt/Al ratios.  

The specific activity (i.e., per Pt atom) of PtSn/DeAlBEA for PDH, measured under 

conditions far from thermodynamic equilibrium, shows a decrease with Pt/Al ratio for Pt/Al > 

0.013, even after compensation for the dispersion of Pt in catalysts with Pt/Al ratios > 0.02. The 

kinetics of propane dehydrogenation can be described by a Langmuir-Hinshelwood expression 

that is first-order in the partial pressure of propane but is inhibited by propane adsorption. The 

nearly identical rate parameters observed across all Pt/Al ratios suggest that the active site is the 

same in all cases. The nuclearity of Pt in the lowest loading catalyst (Pt/Al = 0.001) is three based 

on EXAFS characterization, suggesting that the active sites are Pt3Sn species closely coupled to 

the BEA framework. This conclusion is consistent with recent theoretical analyses showing that 

Pt3Sn clusters are particularly active for PDH. Therefore, the decline in specific activity observed 
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with increasing Pt/Al ratio is attributed to dilution of Pt3Sn clusters by increasingly large Pt clusters 

or nanoparticles that exhibit minimal interaction with Sn cations in the BEA framework. 

The PDH activity of PtSn/DeAlBEA was compared with those of supported Pt and PtSn 

catalysts reported in the literature based on calculated values of the apparent first-order rate 

coefficient for PDH, kf,app. The values of kf,app for PtSn/DeAlBEA are significantly higher than 

those reported previously for Pt and PtSn catalysts, including those supported on DeAlBEA. The 

high activity for catalysts reported here is attributed to highly dispersed Pt species interacting with 

Sn cations introduced into the framework of BEA. 
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5.6 Supporting Information 

5.6.1 BET Calculation318,319 

BET surface area was calculated from a linear regression of 𝐵𝐼 vs 𝑃𝑟𝑒𝑙𝐼  

𝐵𝐼 =
𝑃𝑟𝑒𝑙𝐼

(1 − 𝑃𝑟𝑒𝑙𝐼) ∗ 𝑁𝑎𝑑𝑠𝐼 
 

Where 𝐵𝐼 is in g/cm3 at standard temperature and pressure, 𝑃𝑟𝑒𝑙𝐼  is relative pressure, and 𝑁𝑎𝑑𝑠𝐼 is 

gas adsorbed after equilibration at the Ith dose in cm3 at standard temperature and pressure. 

 

The surface area is then calculated as follows:  

𝑆𝐴𝐵𝐸𝑇 =
𝐶𝑆𝐴 ∗ 6.023 ∗ 1023

22414 𝑐𝑚3𝑆𝑇𝑃 ∗ 1018 𝑛𝑚2

𝑚2 ∗ (𝑆 + 𝑌𝐼𝑁𝑇)
 

Where CSA is the adsorbate molecular cross-sectional area in nm2 (0.162 nm2 for N2), S is the 

slope of the 𝐵𝐼 vs 𝑃𝑟𝑒𝑙𝐼
 fitting in g/cm3 at standard temperature and pressure, 𝑌𝐼𝑁𝑇 is the intercept 

of the 𝐵𝐼 vs 𝑃𝑟𝑒𝑙𝐼  fitting in g/cm3 at standard temperature and pressure. 
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5.6.2 IR of Adsorbed CO on PtSn/DeAlBEA Catalysts. 

 
Figure S5.1. IR spectra of CO desorption as a function of temperature. Spectra are offset for clarity. 
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Figure S5.2. IR of adsorbed CO acquired after PDH on PtSn/DeAlBEA and Pt/DeAlBEA.  

 

A)       B) 

  
Figure S5.3. IR of PtSn/DeAlBEA catalysts acquired after PDH. Spectra collected after cooling to 303 K. Reaction 

run for 30 min of 0.7 kPa C3H8 at 773K. (A) 2800 - 3300 cm-1 and (B) 1500 -1800 cm-1 regions. 
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5.6.2.1 Estimation of Dispersion 

 
Figure S5.4. Estimation of dispersion of Pt in PtSn/DeAlBEA with different Pt/Al ratios. 

For decreasing dispersion to account for the trends in reducing reaction rates, the dispersion 

of the highest Pt/Al ratio would have to be 16%. We can estimate the dispersion with an extinction 

coefficient using IR of adsorbed CO. The peak areas and CO adsorption values are included in the 

table below.  

 

Table S5.1. Dispersion estimate based on IR peak areas of adsorbed CO. 

Catalysts 

Norm. peak area 

of adsorbed CO 

(a.u.) 

Pt wt.% 
peak area/ 

wt. 

Assuming lowest loading is 

100% disperse 

PtSn/DeAlBEA-0.001 0.003 0.033 0.09 100% 

PtSn/DeAlBEA-0.002 0.005 0.050 0.10 89% 

PtSn/DeAlBEA-0.003 0.005 0.050 0.11 80% 

PtSn/DeAlBEA-0.013 0.032 0.320 0.12 47% 

PtSn/DeAlBEA-0.015 0.028 0.360 0.08 76% 

PtSn/DeAlBEA-0.020 0.075 0.478 0.16 55% 

PtSn/DeAlBEA-0.026 0.118 0.620 0.19 45% 

Pt/DeAlBEA 0.234 0.620 0.38 23% 

Pt/DeAlBEA-red 0.364 0.620 0.59 15% 



 
 

69 

 

 

5.6.3 XAS fitting parameters 

Table S5.2. EXAFS fitting parameters for Pt L3-edge spectra of as prepared and dehydrated PtSn/DeAlBEA and 

Pt/DeAlBEA. 

Sample 
Red. chi

2
 

(χ
ν

2
) 

R-

factor 
Path N R

 
(Å) σ

2 
(10

-3
Å

2
) ΔE

0
 (eV) 

Pt foil 1031.9 0.0021 Pt-Pt 12 2.767 0.005 4.2  2.6 7.36  0.36 

Pt/DeAlBEA-0.001 71.3 0.021 
Pt-Pt 9.05  1.70 2.76  0.01 5.18  1.28 

6.60  1.64 
Pt-O 1.03  0.69 1.92  0.04 5.41  9.29 

PtSn/DeAlBEA-0.013 53.2 0.0014 

Pt-Pt 9.98  1.45 2.77  0.001 
4.63  1.32 6.34  3.09 

Pt-Sn 0.74  0.58 2.890.07 

Pt-O 1.810.72 2.070.04 8.416.21 17.32 3.49 

PtSn/DeAlBEA-0.001 291.7 0.015 

Pt-Pt 3.90  1.92 2.74 0.03 
6.51  4.48 7.565.27 

Pt-Sn 1.07 0.80 2.920.05 

Pt-O 3.24 0.60 2.03 0.02 6.14  2.78 13.942.01 

PtSn/DeAlBEA-0.013 -edh 25.42 0.0033 

Pt-Pt 9 (fixed) 2.76  0.01 
4.06  0.44 6.79 1.27 

Pt-Sn 1 (fixed) 2.78  0.05 

Pt-O 0.37  0.40 1.94  0.06 8.993.39 12.74 4.72 

PtSn/DeAlBEA-0.001-deh 

 
24.87 0.012 

Pt-Pt 5 (fixed) 2.760.01 
9.03  0.39 5.67 1.01 

Pt-Sn 1 (fixed) 2.85  0.02 

Pt-O 1 (fixed) 2.020.02 5.66  1.29 12.931.78 

S
0

2=0.798 

5.6.4 Conversion, selectivity, STY, and deactivation constant calculations 

The conversion was calculated on a molar basis, using the equation below: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 % = 
𝐼𝑛𝑙𝑒𝑡 𝑚𝑜𝑙 𝐶3𝐻8 − 𝑂𝑢𝑡𝑙𝑒𝑡 𝑚𝑜𝑙 𝐶3𝐻8

𝐼𝑛𝑙𝑒𝑡 𝑚𝑜𝑙 𝐶3𝐻8
∗ 100% 

Carbon selectivity was calculated using the following equation: 

𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 % =
𝑚𝑜𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∗ 𝐶#

∑(𝑚𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∗ 𝐶#)
∗ 100% 

Molar selectivity was calculated using the following equation: 

𝑚𝑜𝑙 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 % =
𝑚𝑜𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

∑(𝑚𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)
∗ 100% 

Net Site-Time Yield was calculated using the following equation: 

𝑆𝑇𝑌 (ℎ−1) =

𝑚𝑜𝑙 𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒 𝑓𝑜𝑟𝑚𝑒𝑑
ℎ

𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑚𝑎𝑠𝑠
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Deactivation constant, kd 

𝑘𝑑[ℎ𝑟−1] =

ln (
1 − 𝑥𝑓𝑖𝑛𝑎𝑙

𝑥𝑓𝑖𝑛𝑎𝑙
) − ln (

1 − 𝑥𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑥𝑖𝑛𝑖𝑡𝑖𝑎𝑙

)

𝑡[ℎ𝑟]
 

5.6.5 Forward rate constant, kf,app  

Assumption: 

• Propane dehydrogenation and propene hydrogenation reactions are reversible. 

• The reaction occurs at low occupancy of Pt active sites, i.e., the inhibition of adsorbed 

products is negligible. 

• The rate of propane dehydrogenation is first-order in propane partial pressure. Similar 

kinetics are applied for reversible hydrogenation reactions. 

𝐶3𝐻8 ↔  𝐶3𝐻6 +  𝐻2 

The net rate of propane dehydrogenation can be represented as : 

𝑅𝑃𝐷𝐻 = −
𝑘𝑓−𝑃𝐷𝐻  𝑝𝐶3𝐻8 − 𝑘𝑟−𝑃𝐷𝐻  𝑝𝐶3𝐻6 𝑝𝐻2

 

(1 + 𝐾𝐶3𝐻8 𝑝𝐶3𝐻8 + 𝐾𝐶3𝐻6𝑝𝐶3𝐻6  
+ 𝐾𝐻2𝑝𝐻2)

 

𝑅𝑃𝐷𝐻 =
𝑘𝑓−𝑃𝐷𝐻𝑝𝐶3𝐻8

(1 + 𝐾𝐶3𝐻8 𝑝𝐶3𝐻8 + 𝐾𝐶3𝐻6𝑝𝐶3𝐻6  
+ 𝐾𝐻2𝑝𝐻2)

[1 −
1

𝐾𝑒𝑃𝐷𝐻
 
(𝑝𝐶3𝐻6𝑝𝐻2

)

𝑝𝐶3𝐻8
 ] 

𝑝𝐶3𝐻8 = 𝑝𝐶3𝐻8
0 (1 − 𝑋);  𝑝𝐶3𝐻6 = 𝑝𝐶3𝐻8

0 𝑋;  𝑝𝐻2
= 𝑝𝐶3𝐻6 + 𝑝𝐻2

0  = 𝑝𝐶3𝐻8
0 (𝑋 + 𝜃𝐻2

)  

𝑅𝑃𝐷𝐻 = −𝐹𝐶3𝐻8
0

𝑑𝑋

𝑑𝑊
 

𝑘𝑓−𝑃𝐷𝐻

= 𝑀𝑊𝑃𝑡

𝐹𝐶3𝐻8
0

𝑚𝑃𝑡
∫

1

𝑝𝐶3𝐻8
0 (1 − 𝑋)

(1 + 𝐾𝐶3𝐻8 𝑃𝐶3𝐻8 
𝑜 (1 − 𝑋) + 𝐾𝐶3𝐻6𝑃𝐶3𝐻8 

𝑜 (𝑋) + 𝐾𝐻2 𝑃𝐶3𝐻8 
𝑜 (𝜃𝐻2

𝑜 + 𝑋)
 
)
(1 −  

(𝑝𝐶3𝐻8
0 )𝑋(𝑋 + 𝜃𝐻2

)

𝐾𝑒𝑃𝐷𝐻(1 − 𝑋)
)

𝑋

0

𝑑𝑋 

𝑘𝑓−𝑃𝐷𝐻 =

𝑀𝑊𝑃𝑡
𝐹𝐶3𝐻8

0

𝑚𝑃𝑡
∫

1

𝑝𝐶3𝐻8
0 (1−𝑋)

(1+𝑦𝐶3𝐻8𝑋)(1+𝐾𝐶3𝐻8 

 𝑃𝐶3𝐻8 
𝑜 (1−𝑋) 

 (1+𝑦𝐶3𝐻8 
𝑜 𝑋)

 
 
+𝐾𝐶3𝐻6

 𝑃𝐶3𝐻8 
𝑜 (𝑋) 

 (1+𝑦𝐶3𝐻8 
𝑜 𝑋)

 
 
+𝐾𝐻2

 𝑃𝐶3𝐻8  
𝑜 (𝜃𝐻2

𝑜 +𝑋)
 

 (1+𝑦𝐶3𝐻8 
𝑜 𝑋)

 
 

)

(1− 
(𝑝𝐶3𝐻8

0 )𝑋(𝑋+𝜃𝐻2
𝑜 )

𝐾𝑒𝑃𝐷𝐻(1+𝑦𝐶3𝐻8
𝑜 𝑋)(1−𝑋)

)

𝑋

0
𝑑𝑋  

𝒌𝒇−𝑷𝑫𝑯 =
𝑭𝑪𝟑𝑯𝟖

𝟎 𝑴𝑾𝑷𝒕

𝒎𝑷𝒕𝒑𝑪𝟑𝑯𝟖
𝟎 ∫

(𝟏+𝒚𝑪𝟑𝑯𝟖𝑿+𝑲𝑪𝟑𝑯𝟖 𝑷𝑪𝟑𝑯𝟖 
𝒐 (𝟏−𝑿)+𝑲𝑪𝟑𝑯𝟔𝑷𝑪𝟑𝑯𝟖 

𝒐 (𝑿)+𝑲𝑯𝟐𝑷𝑪𝟑𝑯𝟖 
𝒐 (𝜽𝑯𝟐

𝒐 +𝑿))

((𝟏−𝑿)− 
(𝒑𝑪𝟑𝑯𝟖

𝟎 )𝑿(𝑿+𝜽𝑯𝟐
𝒐 )

𝑲𝒆𝑷𝑫𝑯(𝟏+𝒚𝑪𝟑𝑯𝟖
𝒐 𝑿)

)

𝑿

𝟎
𝒅𝑿  

𝒌𝒇−𝑷𝑫𝑯 =
𝑭𝑪𝟑𝑯𝟖

𝟎 𝑴𝑾𝑷𝒕

𝒎𝑷𝒕𝒑𝑪𝟑𝑯𝟖
𝟎

∫
(𝟏 + 𝒚𝑪𝟑𝑯𝟖𝑿)

((𝟏 − 𝑿) −  
(𝒑𝑪𝟑𝑯𝟖

𝟎 )𝑿(𝑿 + 𝜽𝑯𝟐

𝒐 )

𝑲𝒆𝑷𝑫𝑯(𝟏 + 𝒚𝑪𝟑𝑯𝟖
𝒐 𝑿)

)

𝑿

𝟎

𝒅𝑿 
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5.6.5.1 Limitations of kf,app  

Although kf,app assumes that the PDH reaction is first-order in propane, often PDH proceeds 

with Langmuir-Hinshelwood kinetics.344,345,347,350–352,363 With these kinetic models in mind, there 

is a possibility that kfapp is an inaccurate measure of the forward rate. Several variables affect the 

accuracy of this kf,app calculation, including 1) the true approach to equilibrium, 2) the effect of 

hydrogen on the structure of Pt under reaction conditions and PDH rates, and 3) appreciable 

adsorption of reactants or products. kf,app may be underestimated because of the denominator term 

(e.g., propane or propene site blocking).  

 

5.6.5.1.1 Estimation of errors in the Approach to equilibrium  

Because kf,app is calculated by dividing by one minus the approach to equilibrium, as the 

reaction conditions get closer to equilibrium, the kf,app will increase significantly. In order to 

account for this, kf,app values were not included for comparison if the approach to equilibrium was 

greater than 0.6. It’s important to also consider that as the approach to equilibrium increases, the 

effects of partial pressure of propene and hydrogen also become more significant. 

5.6.5.1.2 Estimation of PC3H6 Effects 

𝑟𝐶3𝐻6 = 𝑘𝑓
𝑐𝑎𝑙𝑐𝑃𝐶3𝐻8 

𝑟𝐶3𝐻6
𝑎𝑐𝑡 =

𝑘𝑓
𝑎𝑐𝑡.𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻6 ∗ 𝑃𝐶3𝐻6
 

𝑘𝑓
𝑐𝑎𝑙𝑐 = 

𝑘𝑓
𝑎𝑐𝑡.

1+𝐾𝐶3𝐻6∗𝑃𝐶3𝐻6
 

𝑘𝑓
𝑎𝑐𝑡. = (1 + 𝐾𝐶3𝐻6 ∗ 𝑃𝐶3𝐻6) ∗ 𝑘𝑓

𝑐𝑎𝑙𝑐  

If KC3H6 =2.80-4.2 bar-1 345,350–352,364 and the range of PC3H6 is 0.001-0.30 bar in this data 

set, then KC3H6PC3H6=0.0028-1.26 If we consider the highest extreme, kf only increases 2-3 fold, 

equivalent to ~1 ln() unit. 

5.6.5.1.3 Estimation of PC3H8 Effects 

rC3H6 = kf
calcPC3H8 

𝑟𝐶3𝐻6
𝑎𝑐𝑡 =

kf
act.PC3H8

1 + KC3H8 ∗ PC3H8
 

kf
calc = 

kf
act.

1+KC3H8∗PC3H8
 

kf
act. = (1 + KC3H8 ∗ PC3H8) ∗ kf

calc 

If KC3H8 =3.19 bar-1 364 and the range of PC3H8 in this data set is 0.007-1 bar, then 

KC3H8PC3H8=0.0022-3.19. If we consider the highest extreme, kf can increase 4-fold or ~1.4 ln() 

unit. 
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5.6.5.1.4 Estimation of PH2 Effects 

rC3H6 = kf
calcPC3H8 

𝑟𝐶3𝐻6
𝑎𝑐𝑡 =

kf
act.PC3H8

1 + (KH2 ∗ PH2)0.5
 

kf
calc = 

kf
act.

1+(KH2∗PH2)0.5 

kf
act. = (1 + (KH2 ∗ PH2)

0.5) ∗ kf
calc 

If KH2 =0.81-18 bar-0.5 351,352 and the range of PH2 in this data set is 0.001-0.31 bar, then 

the maximum value of (KH2
PH2

)
0.5

is 0.0285-2.4. Considering this highest extreme, kf can 

increase 2.4-fold or ~1 ln() unit. In addition to potential site blocking, hydrogen also has the 

potential to inhibit coke formation and restructure PtSn particles.324 For these reasons, studies 

where hydrogen was co-flown with propane were not considered for comparison. 

 

5.6.6 PDH Equilibrium and Activity 

A)               B) 

 
Figure S5.5. Equilibrium conversion for A) without H2 addition to the feed at different partial pressures of propane, 

B) with the addition of H2 to a feed containing PC3H8= 0.014 bar. 
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A)                   B) 

 
C)       D) 

 
Figure S5.6. (A) Propane dehydrogenation activity over PtSn/DeAlBEA-0.001, Sn/DeAlBEA, and DeAlBEA. 

Reaction Conditions: 823 K, 0.7 kPa C3H8, 200 mL/min total flow. (B) Effect of H2 co-feed (1:1 C3H8:H2 (0.7 kPa)) 

for PtSn/DeAlBEA-0.001 at 823K. Catalyst pretreated in 9% H2 in He for 1 h at 823 K prior to reaction. (C) The 

PDH activity and (D) selectivity to propene over PtSn/DeAlBEA catalysts vs. TOS at 823 K and 0.7 kPa C3H8. 

Table S5.3. Deactivation constants for PtSn/DeAlBEA and Pt/DeAlBEA catalysts. 

Catalyst kd (h
-1) 

PtSn/DeAlBEA-0.001 0.011 

PtSn/DeAlBEA-0.002 0.004 

PtSn/DeAlBEA-0.003 0.002 

PtSn/DeAlBEA-0.013 0.021 

PtSn/DeAlBEA-0.015 0.021 

PtSn/DeAlBEA-0.020 0.027 

PtSn/DeAlBEA-0.026 0.071 

Pt/DeAlBEA-0.026 0.187 
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5.6.7 Literature Comparison Data set of PDH Catalysts 

A)    B)    C) 

 
 

 

Figure S5.7. Comparison of apparent first-order forward rate constant (kf,app) for various Pt and PtSn catalysts. Stars 

note catalysts from this work. A) Pt/DeAlBEA and Pt-S/-DeAlBEA catalysts, B) Pt and Pt-Sn catalysts on other 

supports, C) Pt and Pt-Sn catalysts with H2 co-flow. Triangles are Pt-based catalysts, and circles are PtSn catalysts. 

The color of the symbol represents the approach to equilibrium. Details concerning catalyst composition/structure 

and reaction conditions are reported in Table S5.4. 

 

 

 

 

Re
f 

Catalyst Ref Catalyst Ref Catalyst Ref Catalyst Ref Catalyst 

0a 
Pt0.03Sn2/DeAlBEA-

0.001 
31e 

Pt0.29/Sn0.26DeAl

BEA 
355a 

Pt1Sn1.58/SB

A-15 
356a Pt0.3Sn0.6/SBA-15 362a Pt0.5Sn1/MFI 

0b 
Pt0.32Sn2/DeAlBEA-

0.026 
31f 

Pt0.26/Sn1.3DeAl

BEA 
355b 

Pt1Sn0.43/SB

A-15 
356b Pt0.5Sn1/SBA-15 362b Pt0.5Sn1/MFI 

0c 
Pt0.62Sn2/DeAlBEA-

0.013 
31g 

Pt0.28/Sn1.21DeAl

BEA 
355c 

Pt1Sn0.8/SBA

-15 
356c Pt0.5Sn1/SBA-15 362c 

Pt0.5Na/Sn1-ZSM-

5 

0d 
Pt0.62/DeAlBEA-

0.026 
31h 

Pt0.26/Sn0.47DeAl

BEA 
355d 

Pt1Sn0.39/SB

A-15 
356d Pt1Sn2/SBA-15 365a 

Pt0.43Sn0.81Na1.38/

Al-SBA-15 

21a Pt0.375Sn2.3/DeAlBEA 31i 
Pt0.29/Sn0.8DeAl

BEA 
54a Pt3/SiO2 

356e Pt3Sn6/SBA-15 365b 
Pt0.46Sn0.85/Al-

SBA-15 
256

a 
Pt0.5Sn0.5/DeAlBEA 31j 

Pt0.28/Sn0.63DeAl

BEA 
55d Pt1Sn2.4/SiO2 

356f Pt2Sn4/SBA-15 32a 
Pt0.5Sn0.12/DeAlB

EA 
256

b 
Pt0.5/DeAlBEA 31k 

Pt0.28/Sn0.42DeAl

BEA 
52a Pt3/SiO2 

357a Pt0.5/Al2O3 
32b 

Pt0.5Sn0.14/DeAlB

EA 
256

c 
Pt0.5Sn2/DeAlBEA 31l 

Pt0.3Sn0.4/DeAl

BEA 
55e 

Pt0.94Sn0.61/Si

O2 
357b Pt0.5Sn1.5/Al2O3 

32c 
Pt0.5Sn0.27/DeAlB

EA 
256

d 
Pt0.5Sn0.5/DeAlBEA 31m 

Pt0.38/Sn0.44DeAl

BEA 
355f Pt1/SiO2 

17a Pt0.35Sn1.26/Al2O3 
32d 

Pt0.5Sn0.57/DeAlB

EA 
256

e 
Pt0.5Sn1/DeAlBEA 31n 

Pt0.47/Sn0.46DeAl
BEA 

356g Pt0.5Sn1/SiO2 
52c Pt3Sn3.5/SiO2   

31a Pt0.27/DeAlBEA 31o 
Pt0.55/Sn0.42DeAl

BEA 
52b Pt3Sn0.6/SiO2 

52d Pt3Sn0.9/SiO2 
32e 

Pt0.5Sn0.7/DeAlBE

A 

31b Pt0.08/Sn0.44DeAlBEA 55a Pt1Sn2.4/Al2O3 
358a Pt1Sn3/CeO2 

52e Pt3Sn1.8/SiO2 
32f Pt0.55/DeAlBEA 

31c Pt0.28/Sn0.07DeAlBEA 55b Pt1Sn0.6/Al2O3 
359a Pt0.5/NaBEA 52f Pt3Sn1.8/SiO2 

328a 
Pt0.5Sn0.3/MgAl2O

4 

31d Pt0.19/Sn0.47DeAlBEA 55c Pt1/Al2O3 
360a Pt0.5Sn1/MFI 54b Pt3Sn1/SiO2 

366a PtSn/Al2O3 

      361a Pt1Sn0.6/SiO2 
15a Pt1.3/SBA-15 
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5.6.8 Kinetics of PDH over PtSn/DeAlBEA Catalysts 

5.6.8.1 Packed Bed Reactor Design Equation 

𝑊 = 𝐹𝐴0 ∫
𝑑𝑋

−𝑟

𝑥

0

Where W is the weight of Pt, FA0 is the initial flow rate of reactant in mol/s. 

Zeroth order in propane: 

−𝑟1 = 𝑘1
′  

𝑊 = 𝐹𝐶3𝐻80 ∫
𝑑𝑋

𝑘1
′

𝑥

0

𝑊 = 𝐹𝐶3𝐻80 (
𝑥

𝑘1
′) 

First order in propane: 

−𝑟1 = 𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

= 𝑘1
′𝑃𝐶3𝐻8

=
𝑘1

′𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

1 + 𝑦𝐶3𝐻8
𝑜 𝑥

𝑊 = 𝐹𝐶3𝐻80 ∫
𝑑𝑋

𝑘1
′𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

1 + 𝑦𝐶3𝐻8
𝑜 𝑥

𝑥

0

𝑊 = 𝐹𝐶3𝐻80 (−
𝑦𝐶3𝐻8

𝑜 𝑥

𝑘1
′𝑃𝐶3𝐻8

𝑜 −
(1+𝑦𝐶3𝐻8

𝑜 ) ln(1−𝑥)

𝑘1
′𝑃𝐶3𝐻8

𝑜 ) 

𝑊𝑃𝐶3𝐻8

𝑜

𝐹𝐶3𝐻80
= −

(𝑦𝐶3𝐻8
𝑜 𝑥 + (1 + 𝑦𝐶3𝐻8

𝑜 ) ln(1 − 𝑥))

𝑘1
′

Solving for P 

𝑃𝐶3𝐻8

𝑜 = −
𝐹𝐶3𝐻8

𝑜

𝑊𝑘1
′ ∗ (𝑦𝐶3𝐻8

𝑜 𝑥 + (𝑦𝐶3𝐻8
𝑜 + 1) ∗ ln(1 − 𝑥))

Langmuir-Hinshelwood with propane site-blocking: 

−𝑟2 =
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

=
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥) (1 +

𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

1 + 𝑦𝐶3𝐻8
𝑜 𝑥

)

=
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥))

𝑊 = 𝐹𝐶3𝐻80 ∫
𝑑𝑋

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥))

𝑥

0

𝑊 =
𝐹𝐶3𝐻80 ((𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 − 𝑦𝐶3𝐻8
𝑜 )𝑥 − (1 + 𝑦𝐶3𝐻8

𝑜 ) ln(1 − 𝑥))

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜

𝑊𝑃𝐶3𝐻8

𝑜

𝐹𝐶3𝐻80
=

(𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 − 𝑦𝐶3𝐻8
𝑜 )𝑥 − (1 + 𝑦𝐶3𝐻8

𝑜 ) ln(1 − 𝑥)

𝑘1𝐾𝐶3𝐻8

Solving for P 
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𝑃𝐶3𝐻8

𝑜 =
1

𝐾𝐶3𝐻8
(

𝑊𝑘1
′

𝐹𝐶3𝐻8

𝑜 + 𝑥)

∗ (𝑦𝐶3𝐻8
𝑜 𝑥 − (𝑦𝐶3𝐻8

𝑜 + 1) ∗ 𝑙𝑛(1 − 𝑥)) 

Langmuir-Hinshelwood with propane site-blocking, 2-surface sites: 

−𝑟4 =
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

(1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

)
2

=
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥) (1 +

𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

1 + 𝑦𝐶3𝐻8
𝑜 𝑥

)

2  =
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)(1 + 𝑦𝐶3𝐻8
𝑜 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥))
2 

𝑊 = 𝐹𝐶3𝐻80 ∫
𝑑𝑋

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)(1 + 𝑦𝐶3𝐻8
𝑜 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥))
2

𝑥

0

      

𝑊

=
𝐹𝐶3𝐻80 ((𝑦𝐶3𝐻8

0 − 1)(𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 )
2
ln(1 + 𝑦𝐶3𝐻8

𝑜 𝑥) − 𝑦𝐶3𝐻8
𝑜 ∗ (𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 − 𝑦𝐶3𝐻8
𝑜 )

2
𝑥 − (𝑦𝐶3𝐻8

𝑜 + 1)2𝑦𝐶3𝐻8
𝑜 2 ln(1 − 𝑥))

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 ∗ 𝑦𝐶3𝐻8
𝑜 2  

𝑊𝑃𝐶3𝐻8

𝑜

𝐹𝐶3𝐻80

=
((𝑦𝐶3𝐻8

0 − 1)(𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 )
2
ln(1 + 𝑦𝐶3𝐻8

𝑜 𝑥) − 𝑦𝐶3𝐻8
𝑜 ∗ (𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 − 𝑦𝐶3𝐻8
𝑜 )

2
𝑥 − (𝑦𝐶3𝐻8

𝑜 + 1)2𝑦𝐶3𝐻8
𝑜 2 ln(1 − 𝑥))

𝑘1𝐾𝐶3𝐻8
∗ 𝑦𝐶3𝐻8

𝑜 2  

Langmuir-Hinshelwood with propene site-blocking: 

−𝑟3 =
𝑘1

′𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻6
𝑃𝐶3𝐻6

=
𝑘1

′𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 (𝑥))
 

𝑊 = 𝐹𝐶3𝐻8 ,0 ∫
𝑑𝑋

𝑘1
′𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 (𝑥))

 
𝑥

0

 

𝑊 = 𝐹𝐶3𝐻8,0 (−
(KC3H6

𝑃𝐶3𝐻8

𝑜 + 𝑦𝐶3𝐻8
𝑜 )𝑥 + (𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 + 𝑦𝐶3𝐻8
𝑜 + 1) ∗ 𝑙𝑛(1 − 𝑥)

𝑘1
′ 𝑃𝐶3𝐻8

𝑜 ) 

𝑊𝑃𝐶3𝐻8

𝑜

𝐹𝐶3𝐻8,0
= (−

(KC3H6
𝑃𝐶3𝐻8

𝑜 + 𝑦𝐶3𝐻8
𝑜 )𝑥 + (𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 + 𝑦𝐶3𝐻8
𝑜 + 1) ∗ 𝑙𝑛(1 − 𝑥)

𝑘1
′  

Solving for P 

𝑃𝐶3𝐻8

𝑜 =
(𝑦𝐶3𝐻8

𝑜 𝑥 − (𝑦𝐶3𝐻8
𝑜 + 1) ∗ ln(1 − 𝑥))

(
𝑊𝑘1

′

𝐹𝐶3𝐻8

𝑜 ) + KC3H6
𝑥 + KC3H6

ln (1 − 𝑥)

 

Langmuir-Hinshelwood with propene site-blocking, 2 sites: 

−𝑟5 =
𝑘1

′𝑃𝐶3𝐻8

(1 + 𝐾𝐶3𝐻6
𝑃𝐶3𝐻6

)
2
 
=

𝑘1
′𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 (𝑥))
2 

𝑊 = 𝐹𝐶3𝐻8,0 ∫
𝑑𝑋

𝑘1
′𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 (𝑥))
2

 
𝑥

0
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𝑊 = 𝐹𝐶3𝐻8,0 (−

1
2𝑥(𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 + 𝑦𝐶3𝐻8
𝑜 )

 
∗ (𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 ∗ (𝑥 + 2) + (𝑦𝐶3𝐻8
𝑜 + 1) ∗ (𝑥 + 2) + 4) + (𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 + 𝑦𝐶3𝐻8
𝑜 + 1)

2
∗ 𝑙𝑛(1 − 𝑥)

𝑘1
′𝑃𝐶3𝐻8

𝑜 ) 

𝑊𝑃𝐶3𝐻8

𝑜

𝐹𝐶3𝐻8,0

= (−

1

2
𝑥(𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 + 𝑦
𝐶3𝐻8

𝑜 )
 

∗ (𝐾𝐶3𝐻6
𝑃𝐶3𝐻8

𝑜 ∗ (𝑥 + 2) + (𝑦
𝐶3𝐻8

𝑜
+ 1) ∗ (𝑥 + 2) + 4) + (𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 + 𝑦
𝐶3𝐻8

𝑜 + 1)
2

∗ 𝑙𝑛(1 − 𝑥)

𝑘1
′ 𝑃𝐶3𝐻8

𝑜
 

Langmuir-Hinshelwood with propane and propene site-blocking: 

−𝑟6 =
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

+ 𝐾𝐶3𝐻6
𝑃𝐶3𝐻6

 

=
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥) (1 +

𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

1 + 𝑦𝐶3𝐻8
𝑜 𝑥

+
𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 (𝑥)

1 + 𝑦𝐶3𝐻8
𝑜 𝑥

)

  

=
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥) + 𝐾𝐶3𝐻6
𝑃𝐶3𝐻8

𝑜 (𝑥))
 

𝑊 = 𝐹𝐶3𝐻8,0 ∫
𝑑𝑋

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 (1 − 𝑥)

(1 + 𝑦𝐶3𝐻8
𝑜 𝑥 + 𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

𝑜 (1 − 𝑥) + 𝐾𝐶3𝐻6
𝑃𝐶3𝐻8

𝑜 (𝑥))

 
𝑥

0

 

𝑊 = 𝐹𝐶3𝐻8,0

(𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜 − 𝑦𝐶3𝐻8
𝑜 − 𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 )𝑥 − (𝑦𝐶3𝐻8
𝑜 + 𝐾𝐶3𝐻6

𝑃𝐶3𝐻8

𝑜 + 1)ln (1 − 𝑥)

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

𝑜  

5.6.8.2 Estimation of Initial Guesses 

By using the lowest and highest P pressure data points, we can estimate k1 and Kads. 

−𝑟2 =
𝑘1𝐾𝐶3𝐻8

𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

 

At low P, 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

≪ 1, so 

−𝑟2 = 𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

= 𝑘𝑎𝑝𝑝𝑃𝐶3𝐻8
 

At high P, 1 ≪ 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

, so 

−𝑟2 = 𝑘1 

These data are collected over a small propane partial pressure range (0.5-3 kPa), so these 

estimates are just that. 

The lowest two PC3H8 points were fit with 1st order rate law to extract kapp initial guesses: 

𝑊 = 𝐹𝐶3𝐻80 (−
𝑦𝐶3𝐻8

𝑜 𝑥

𝑘1
′𝑃𝐶3𝐻8

𝑜 −
(1+𝑦𝐶3𝐻8

𝑜 ) ln(1−𝑥)

𝑘1
′𝑃𝐶3𝐻8

𝑜 ) 
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Table S5.5. Estimation of kapp from first-order fit at low propane partial pressure. 

Catalyst kapp 773K 
kapp 

798K 
kapp 823K kapp 858K error 

PtSn/DeAlBEA -0.001 (0.5-0.7 kPa) 589.9 761.3 854.7 1037.7 4.46 e-6 

PtSn/DeAlBEA -0.013 (0.7-1 kPa) 159.00 207.82 249.39 289.73 1.25e-3 

PtSn/DeAlBEA -0.026 (0.7-1 kPa) 62.87 82.73 97.37 117.13 6.39e-3 

All 3 together 100.0 145.4 169.5 201.4 9.07e-2 

 

The highest two PC3H8 points were fit with 0th order rate law to extract k1 initial guesses: 

𝑊 = 𝐹𝐶3𝐻80 (
𝑥

𝑘1
 ) 

Table S5.6. Estimation of k1 from zero-order fit at high propane partial pressure. 

Catalyst k1 773K k1 798K k1 823K k1 858K error 

PtSn/DeAlBEA -0.001(2.25-3 kPa) 4.30 6.07 7.11 9.12 1.15e-6 

PtSn/DeAlBEA -0.013 (1.5-3 kPa) 1.42 1.84 2.39 2.79 2.54e-4 

PtSn/DeAlBEA -0.026 (1.5-3 kPa) 0.99 1.29 1.76 1.97 3.74e-3 

All 3 together 0.96 1.26 1.73 1.93 5.23e-2 

 

We can combine these to get the initial guesses for KC3H8: 

𝐾𝐶3𝐻8
𝑘1 = 𝑘𝑎𝑝𝑝 

𝐾𝐶3𝐻8
=

𝑘𝑎𝑝𝑝

𝑘1
 

Table S5.7. Estimation of Kads from first- and zero-order fits. 

Catalyst KC3H8 

773K 

KC3H8 798K KC3H8 823K KC3H8 858K error 

PtSn/DeAlBEA -0.001(2.25-3 kPa) 137.32 125.39 120.24 113.74 1.15E-06 

PtSn/DeAlBEA -0.013 (1.5-3 kPa) 112.29 113.11 104.40 103.83 2.54E-04 

PtSn/DeAlBEA -0.026 (1.5-3 kPa) 63.80 63.93 55.43 59.60 3.74E-03 

All 3 together 103.67 115.03 97.74 104.48 5.23E-02 

 

These values can be used for initial guesses. Equilibrium constants of propane adsorption 

were used as initial guesses for the equilibrium constants for propene adsorption. Additionally for 

propene inhibition rate law. The product of k1 and KC3H8 was used as k1
’ also known as kapp. 
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Table S5.8. Kinetic fitting parameters for PDH over PtSn/DeAlBEA Catalysts 

Catalyst Rate law 
Ea1 

(kJ/mol) 
Ln(A1) 

Eapp 

(kJ/mol) 
Ln(Aapp) 

∆HC3H8 

(kJ/mol) 

∆SC3H8 

(J/mol 

K) 

∆HC3H6 

(kJ/mol) 

∆SC3H6 

(J/mol 

K) 

R2 Red χ 2 

PtSn/DeAlBEA-

0.001 

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

 
50.68 ± 

6.31 

9.51 ± 

0.94 

9.78 ± 

17.74 

9.14 ± 

2.63 

-40.90 ± 

11.43 

-3.05 

± 

14.09 

  0.981 0.0010 

𝑘𝑎𝑝𝑝𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻6
𝑃𝐶3𝐻6

   16.70 ± 

5.41 

9.71 ± 

0.80 
  -82.26 ± 

11.81 

-29.36 

± 
14.56 

0.983 0.00092 

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

+ 𝐾𝐶3𝐻6
𝑃𝐶3𝐻6

 
52.21 ± 

6.39 

9.78 ± 

0.95 

11.33 ± 

17.83 

9.41 ± 

2.64 

-40.88 ± 

11.44 

-2.99 
± 

14.13 

-42.95 ± 

11.45 

-5.99 
± 

14.13 

0.978 0.001 

PtSn/DeAlBEA-

0.013 

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

 
52.53 ± 

4.70 

8.65 ± 

0.70 

1.16 ± 

15.38 

6.78 ± 

2.28 

-51.37 ± 

10.68 

-15.52 

± 

13.16 

  0.996 0.0003 

𝑘𝑎𝑝𝑝𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻6
𝑃𝐶3𝐻6

   7.06 ± 
7.45 

7.13 ± 
1.10 

  -116.28 
± 24.03 

-82.25 

± 

30.14 

0.993 0.0006 

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

+ 𝐾𝐶3𝐻6
𝑃𝐶3𝐻6

 
58.35 ± 

4.91 

9.63 ± 

0.73 

6.98 ± 

15.58 

7.76 ± 

2.31 

-51.37 ± 

10.67 

-15.52 

± 

13.14 

-59.51 ± 

10.93 

-27.02 

± 

13.47 

0.923 0.0070 

PtSn/DeAlBEA-

0.026 

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

 
55.06 ± 

3.36 

8.32 ± 

0.50 

21.90 ± 

16.48 

8.51 ± 

2.44 

-33.16 ± 

13.12 

1.54 ± 

16.17 
  0.982 0.0017 

𝑘𝑎𝑝𝑝𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻6
𝑃𝐶3𝐻6

   28.86 ± 

7.27 

9.08 ± 

1.08 
  -77.81 ± 

15.92 

-38.53 

± 

18.96 

0.976 0.0022 

𝑘1𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

1 + 𝐾𝐶3𝐻8
𝑃𝐶3𝐻8

+ 𝐾𝐶3𝐻6
𝑃𝐶3𝐻6

 
60.51 ± 

3.12 
9.23 ± 
0.46 

27.35 ± 
16.24 

9.42 ± 
2.41 

-33.16 ± 
13.13 

1.58± 
16.21 

-40.23 ± 
12.59 

-8.48 

± 

15.55 

0.970 0.003 

Where 𝑘𝑎𝑝𝑝 = 𝑘1𝐾𝐶3𝐻8
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Figure S5.8. Parity plots for Langmuir-type kinetic rate laws with propane, propene, or propane and propene 

inhibition for PDH over PtSn/DeAlBEA-0.026, PtSn/DeAlBEA-0.013, and PtSn/DeAlBEA-0.001. 
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Figure S5.9. Arrhenius plots for Langmuir-type kinetic rate laws with propane, propene, or propane and propene 

inhibition for PDH over PtSn/DeAlBEA-0.026, PtSn/DeAlBEA-0.013, and PtSn/DeAlBEA-0.001. 

 
Figure S5.10. The activation energy for kf,app for PDH over PtSn/DeAlBEA-0.026, PtSn/DeAlBEA-0.013, and 

PtSn/DeAlBEA-0.001. 
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Table S5.9. Comparison of kf,app and Langmuir fitted parameters. 

Catalyst k1 KC3H8 k1 * 

KC3H8 

kf,app Ea,k1 

(kJ/mol) 

Ea,kapp 

(kJ/mol) 

Ea,kf,app 

(kJ/mol) 

PtSn/DeAlBEA-

0.001 
8.03 310.8 2495.7 3.52 

50.68 ± 

6.31 

9.78 ± 

17.74 
39.73 

PtSn/DeAlBEA-

0.013 
2.83 256.3 725.2 2.12 

52.53 ± 

4.70 

1.16 ± 

15.38 
38.35 

PtSn/DeAlBEA-

0.026 
1.38 140.7 194.1 0.785 

55.06 ± 

3.36 

21.90 ± 

16.48 
40.91 

Rate constant values are given for 0.7 kPa and 823K for the Langmuir Hinshelwood rate law with propane 

inhibition.  
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Table S5.10. Activation energies of PDH over PtSn/DeAlBEA catalysts and Pt and PtSn catalysts reported in the 

literature. Here, Eapp is the apparent activation energy of propane dehydrogenation. If heats of adsorption for propane 

are reported, they are lumped with a forward rate for adsorbed propane to directly compare to first-order rates. 

Catalyst Rate Law, -rC3H8 Ef,app (kJ/mol) 

∆H (kJ/mol) 

C3H8, C3H6, 

H2 

Ref 

Pt/A2O3 𝑘𝑓𝑃𝐶3𝐻8 86.2 - 367
 

0.1%Pt/Al2O3 𝑘𝑓𝑃𝐶3𝐻8 26 ±3 - 347
 

0.3%Pt/Al2O3 𝑘𝑓𝑃𝐶3𝐻8 41±5 - 347
 

3% Pt/Al2O3 𝑘𝑓𝑃𝐶3𝐻8 56±6 - 347 

Pt/Al2O3 −𝑟 ∝ 𝑃𝐻2
−1 121±19.6 - 346 

Pt/Mg(Al)O 
𝑘2𝐾1𝑃𝐶3𝐻8

(1 + (𝑃𝐻2
0.5𝐾5

−0.5))
2 81 -7.7 353 

Pt/Mg(Al)O 
𝑘3𝐾1𝐾2𝐾5

0.5𝑃𝐶3𝐻8𝑃𝐻2
0.5

(1 + (𝑃𝐻2
0.5𝐾5

−0.5))
2  97 -7.7 353 

PtSn/Al2O3 
𝑘1(𝐾𝐶3𝐻8𝑃𝐶3𝐻8 − (

𝐾𝐶3𝐻6𝑃𝐶3𝐻8𝐾𝐻2𝑃𝐻2

𝐾𝑃
)

(1 + 𝐾𝐶3𝐻8𝑃𝐶3𝐻8 + 𝐾𝐶3𝐻6𝑃𝐶𝐻6 + 𝐾𝐻2𝑃𝐻2)2
 169.7 -85.82 349 

PtSnK/Al2O3 𝑎 ∗

𝑘1 (𝑃𝐶3𝐻8 − (
𝑃𝐶3𝐻8𝑃𝐻2

𝐾𝑒𝑞
))

1 + (
𝑃𝐶3𝐻6

𝐾𝐶3𝐻6
)

 34.57±9.13 
-85.817 

±22.46 
345 

PtSn/Al2O3 𝑘𝑓𝑃𝐶3𝐻8 − 𝑘𝑟𝑒𝑣𝑃𝐶3𝐻6𝑃𝐻2
𝛾

 34.8 ± 19.6 - 344 

Pt-Sn/Al2O3 
𝑘1 (𝑃𝐶3𝐻8 −

𝑃𝐶3𝐻8
 𝑃𝐻2

𝐾𝑒𝑞
)

(1 + 𝐾2𝑃𝐶3𝐻6 + (𝑃𝐻2
0.5𝐾3

0.5))
2 44.7 

-94.3 

-238.9 
352 

PtSn/Al2O3 𝑘𝑓𝑃𝐶3𝐻8 212.5  367 

PtSn/Mg(Al)O 𝑎 ∗

𝑘1 (𝑃𝐶3𝐻8 − (
𝑃𝐶3𝐻8𝑃𝐻2

𝐾𝑒𝑞
))

1 + (
𝑃𝐶3𝐻6

𝐾𝐶3𝐻6
)

 34.57 -85.82 350 

PtSn/Mg(Al)O 𝑎 ∗

𝑘1 (𝑃𝐶3𝐻8 − (
𝑃𝐶3𝐻8𝑃𝐻2

𝐾𝑒𝑞
))

1 + (
𝑃𝐶3𝐻6

𝐾𝐶3𝐻6
)

 30.45 -85.82 350 

Pt-Sn/SAPO-34 
𝑘1 (𝑃𝐶3𝐻8 − (

𝑃𝐶3𝐻8𝑃𝐻2

𝐾𝑒𝑞
))

(1 + 𝐾𝐷𝑃𝑃𝐶3𝐻6 + 𝐾𝐷𝐻
0.5𝑃𝐻2

0.5)3
 

58.1 -36.4 351 

Pt1.7NaY 𝑘𝑓𝑃𝐶3𝐻8 62.7 - 343 

Pt1.7Sn0.75NaY 𝑘𝑓𝑃𝐶3𝐻8 62.7 - 343 

Pt1.7Sn0.9NaY 𝑘𝑓𝑃𝐶3𝐻8 58.5 - 343 

Pt1.7Sn1.4NaY 𝑘𝑓𝑃𝐶3𝐻8 62.7 - 343 

Pt1.7Sn2.4NaY 𝑘𝑓𝑃𝐶3𝐻8 58.5 - 343 

PtSn/DeAlBEA-0.001 
𝒌𝟏𝑲𝑪𝟑𝑯𝟖

𝑷𝑪𝟑𝑯𝟖

𝟏 + 𝑲𝑪𝟑𝑯𝟖
𝑷𝑪𝟑𝑯𝟖

 9.78 ± 17.74 -40.90 ± 11.43 
This 

work 

PtSn/DeAlBEA-0.001 
𝒌𝒂𝒑𝒑

 𝑷𝑪𝟑𝑯𝟖

𝟏 + 𝑲𝑪𝟑𝑯𝟔
𝑷𝑪𝟑𝑯𝟔

 16.70 ± 5.41 -82.26 ± 11.81 
This 

work 

PtSn/DeAlBEA-0.013 
𝒌𝟏𝑲𝑪𝟑𝑯𝟖

𝑷𝑪𝟑𝑯𝟖

𝟏 + 𝑲𝑪𝟑𝑯𝟖
𝑷𝑪𝟑𝑯𝟖

 1.16 ± 15.38 -51.37 ± 10.68 
This 

work 

PtSn/DeAlBEA-0.013 
𝒌𝒂𝒑𝒑

 𝑷𝑪𝟑𝑯𝟖

𝟏 + 𝑲𝑪𝟑𝑯𝟔
𝑷𝑪𝟑𝑯𝟔

 7.06 ± 7.45 -116.28 ± 24.03 
This 

work 

PtSn/DeAlBEA-0.026 
𝒌𝟏𝑲𝑪𝟑𝑯𝟖

𝑷𝑪𝟑𝑯𝟖

𝟏 + 𝑲𝑪𝟑𝑯𝟖
𝑷𝑪𝟑𝑯𝟖

 3.69 ± 16.48 -51.37 ± 13.12 
This 

work 

PtSn/DeAlBEA-0.026 
𝒌𝒂𝒑𝒑

 𝑷𝑪𝟑𝑯𝟖

𝟏 + 𝑲𝑪𝟑𝑯𝟔
𝑷𝑪𝟑𝑯𝟔

 28.86 ± 7.27 -77.81 ± 15.92 
This 

work 
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5.6.9 kf,app vs. internal and external mass transport limitations  

In order to eliminate internal mass transport limitations, the Weisz Prater criterion must be 

<<1. The Weisz Prater criterion, 𝐶𝑊𝑃 , is defined as 

𝐶𝑊𝑃 =
−𝑟𝐶3𝐻8,𝑣 [

𝑚𝑜𝑙 𝐶3𝐻8

𝑚3 ] ∗ (𝑅[𝑚])2 

𝐷𝑒 [
𝑚2

𝑠 ] ∗ 𝐶𝐶3𝐻8,𝑠 [
𝑚𝑜𝑙 𝐶3𝐻8

𝑚3 ]
≪ 1 

Where −𝑟𝐶3𝐻8,𝑣 is the rate of propane consumption per unit volume of catalyst [mol C3H8/(m3*s)], 

R is the radius of the zeolite particle [m], De is the effective diffusivity of the reactant [m2/s], and 

𝐶𝐶3𝐻8,𝑠is the concentration of C3H8 at the external surface of the catalyst [mol C3H8 /m3]. 

𝑟𝐶3𝐻8,𝑣 [
𝑚𝑜𝑙 𝐶3𝐻6

𝑚3
] = rC3H8 [

𝑚𝑜𝑙 𝐶3𝐻6

𝑚𝑜𝑙 𝑃𝑡 𝑠
] ∗

mol Pt

kg cat
∗ 𝜌𝑓 [

𝑘𝑔𝑐𝑎𝑡

𝑚3
] 

𝑘𝑓𝑃𝐶3𝐻8 ∗
mol Pt
kg cat

∗ 𝜌𝑓 [
𝑘𝑔𝑐𝑎𝑡
𝑚3 ] ∗ (𝑅[𝑚])2 

𝐷𝑒 [
𝑚2

𝑠 ] ∗ 𝐶𝐶3𝐻8,𝑠 [
𝑚𝑜𝑙 𝐶3𝐻8

𝑚3 ]
≪ 1 

𝑘𝑓  ≪
(𝐷𝑒 [

𝑚2

𝑠 ] ∗ 𝐶𝐶3𝐻8,𝑠 [
𝑚𝑜𝑙 𝐶3𝐻8

𝑚3 ])

𝑃𝐶3𝐻8 ∗
mol Pt
kg cat

∗ 𝜌𝑓 [
𝑘𝑔𝑐𝑎𝑡
𝑚3 ] ∗ (𝑅[𝑚])2 

 

𝑘𝑓 ≪ 3578.2 

 

In order to eliminate external mass transport limitations, the Mears criterion must be < 

0.15. The Mears criterion, 𝐶𝑀 , is defined as 

𝐶𝑀 =
−𝑟𝐶3𝐻8

′ [
𝑚𝑜𝑙 𝐶3𝐻8

𝑘𝑔 𝑐𝑎𝑡 ∗ 𝑠
] 𝜌𝑏 [

𝑘𝑔
𝑚3] 𝐷[𝑚]

𝑘𝑐 [
𝑚
𝑠 ]𝐶𝐶3𝐻8,𝑏 [

𝑚𝑜𝑙
𝑚3 ]  

< 0.15 

Where −𝑟𝐶3𝐻8
′  is the rate of propane consumption per unit mass of catalyst [mol C3H8/(kg cat*s)], 

D is the diameter of the zeolite particle [m], 𝜌𝑏  is the bulk density of the catalyst bed [kg/m3], n is 

the reaction order, kc is the mass transfer coefficient [m/s], and 𝐶𝐶3𝐻8,𝑏 is the bulk concentration 

of propane [mol/m3]. 

𝑘𝑐 [
𝑚

𝑠
] = Sh ∗

DAB [
m2

s ]

𝑑𝑝[𝑚]
 

Frössling correlation:  Sh = 2 + 0.6 ∗ Re
1
2Sc

1
3 
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Re = dP[m] ∗
U [

m
s ]

𝑣 [
m2

s ]  
; Sc =

𝑣 [
𝑚2

𝑠 ]

𝐷𝐴𝐵 [
𝑚2

𝑠 ]
 

𝑘𝑓𝑃𝐶3𝐻8 ∗
𝑚𝑜𝑙𝑃𝑡
𝑘𝑔𝑐𝑎𝑡

𝜌𝑏 [
𝑘𝑔
𝑚3] 𝑅[𝑚]

(

 
 

2 + 0.6 ∗  (dP[m] ∗
U [

m
s
]

𝑣 [
m2

s ]  
)

1
2 

(
𝑣 [

𝑚2

𝑠
]

𝐷𝐴𝐵 [
𝑚2

𝑠 ]
)

1
3

)

 
 

∗
DAB [

m2

s
]

𝑑𝑝[𝑚]
𝐶𝐶3𝐻8,𝑏 [

𝑚𝑜𝑙
𝑚3 ]  

< 0.15 

𝑘𝑓  < 0.15

∗ (

  
 

(

 
 

2 + 0.6 ∗  (dP[m] ∗
U [

m
s ]

𝑣 [
m2

s ]  
)

1
2 

(
𝑣 [

𝑚2

𝑠 ]

𝐷𝐴𝐵 [
𝑚2

𝑠 ]
)

1
3

)

 
 

∗
DAB [

m2

s ]

𝑑𝑝[𝑚]
𝐶𝐶3𝐻8,𝑏 [

𝑚𝑜𝑙
𝑚3 ]

)

  
 

𝑃𝐶3𝐻8 ∗
𝑚𝑜𝑙𝑃𝑡
𝑘𝑔𝑐𝑎𝑡

𝜌𝑏 [
𝑘𝑔
𝑚3] 𝑅[𝑚]

 

𝑘𝑓 < 20565 

Table S5.11. Parameters for Weisz Prater and Mears Criteria Calculations 

Parameter Value Units Description 

Dp 9·10-6 m Particle diameter 

U 0.1 m/s Superficial velocity  

v 0.000117 m2/s Kinematic viscosity 

𝜌𝑏 200000 kg/m3 Bulk density 

𝜌𝑓 1836 kg cat/m3 Density of zeolite 

De 1.4 ·10-8 m2/s Diffusivity 

DAB 5 ·10-5 m2/s Diffusivity 

mol Pt/kg cat 0.00154 -  

 

For these PtSn/DeAlBEA catalysts, kf values range from 169 – 878 mol C3H6/(s • mol Pt • 

bar). With these calculated values, we conclude that the propane dehydrogenation reaction over 

PtSn/DeAlBEA is not internally or externally mass transfer limited.  
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6 Conclusions 

This thesis began with a detailed perspective on the achievable results and the limitations 

of characterizing Pt and Sn materials with the infrared spectroscopy (IR) of adsorbed CO and X-

ray Absorption Spectroscopy (XAS) (Chapters 2 and 3, respectively). Then, these concepts were 

applied to the characterization of Sn/DeAlBEA and PtSn/DeAlBEA catalysts. These materials 

were also evaluated for their propane dehydrogenation (PDH) activity.  

In Chapter 2, IR spectroscopy of CO adsorbed on Pt sites was critically reviewed. The 

effects of support identity, additives/promoters (e.g., Sn, K, etc.), Pt oxidation and dispersion, and 

CO coverage were examined. Increasing CO coverage resulted in a blue shift in the observed IR 

frequency due to increased dipole-dipole repulsions between neighboring CO adsorbates and the 

heterogeneity of adsorption sites. Positive Pt species exhibited higher IR frequencies of adsorbed 

CO (> 2100 cm-1) than zero valent Pt (2000-2100 cm-1). These differences were rationalized with 

molecular orbital theory and the ability of Pt to donate electrons to the CO adsorbate. For clustered 

Pt, the CO frequency decreased with decreasing Pt particle size. Surprisingly, CO adsorbed to 

isolated Pt species exhibited high stretching frequencies (>2100 cm-1). Pt on reducible supports 

(e.g., TiO2, ZrO2, CeO2) exhibited higher IR frequencies for adsorbed CO than Pt on non-reducible 

supports (e.g., Al2O3, MgO, MgAlO). Beyond this trend, the effects of the support were complex 

to isolate from dispersion effects and CO coverage effects. The Sn interacting with Pt on the IR of 

adsorbed CO exhibited both red-shifted (Sn alloyed to Pt) and blue-shifted (framework or oxidized 

Sn) IR frequencies. Again, the availability of electrons for donation from Sn to Pt and, in turn, 

from Pt to the C-O bond rationalized these trends. The same principle also explained the observed 

shifts in IR of adsorbed CO on Pt with other additives (e.g., K, La, Ce). Unfortunately, separating 

potentially confounding effects remained difficult, making analysis complicated. Additional 

characterization information clarified some of the ambiguity by providing anchors for 

interpretation. 

Chapter 3 summarized the details of evaluating Pt and Sn XAS; the concepts are universal 

to XAS of all elements. An increase in the oxidation state resulted in a more intense white line due 

to decreased electron density. Higher coordination numbers (i.e., increased metal clustering) 

corresponded to reductions in the white line intensity as more metal neighbors replaced oxygen 

neighbors, and the element of interest became more electron-rich. The support identity 

significantly impacted the particle size and electron density of the element of interest. Reducible 

supports (e.g., TiO2, ZrO2, CeO2) resulted in a higher white line intensity and energy; the reverse 

effect was observed for non-reducible supports (e.g., Al2O3, MgO, MgAlO). Pt-Sn interactions 

resulted in changes in the lattice spacing and shifts in the white line energy and intensity. Thorough 

evaluation of EXAFS fits and checks for physically sensical parameters remained crucial to 

accurate interpretation. The interconnected nature of the EXAFS fitting parameters and 

intersecting effects of structural changes (i.e., support, dispersion, oxidization state, etc.) 

necessitate additional information from other characterization techniques to make rigorous 

conclusions.  

Chapter 4 investigated the preparation, characterization, and PDH activity of Sn/DeAlBEA 

catalysts. Ethanol wetness impregnation was the most effective preparation method for 

incorporating Sn(IV) into DeAlBEA silanol nests. Sn was introduced as Lewis acid sites, as 

evidenced by CD3CN, pyridine IR, and UV-vis spectroscopy. IR of adsorbed pyridine also 

confirmed the lack of Brønsted acid sites in DeAlBEA and Sn/DeAlBEA. Closed Sn framework 

sites were created over a range of Sn loadings (Sn/Al=0.16-0.67), as evidenced by IR spectra of 
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adsorbed CD3CN, XAS, and UV-vis spectroscopy. At high Sn loadings (Sn/Al>0.4), SnO2 

particles were also present in the as-prepared catalyst samples shown in XRD and UV-vis 

spectroscopy. XRD also confirmed the maintenance of the BEA framework structure with 

dealumination and upon introduction of Sn into DeAlBEA. These Sn/DeAlBEA catalysts 

exhibited high stability and propane selectivity for propane dehydrogenation; however, the activity 

over Sn/DeAlBEA remained low. Increasing the Sn loading in Sn/DeAlBEA resulted in an 

increase in the STY for propane dehydrogenation. These Sn/DeAlBEA catalysts exhibited similar 

forward rate constants to those previously reported for Sn/DeAlBEA but lower rate constants than 

Sn/SiO2.247 A higher fraction of Sn open sites on Sn/SiO2 relative to Sn/DeAlBEA could explain 

these higher values of kf. 

Chapter 5 investigated the characterization, PDH activity, and kinetic studies of 

PtSn/DeAlBEA. Pt species interacting with framework Sn(IV) in PtSn/DeAlBEA catalysts were 

found to be active and stable sites for propane dehydrogenation. These Pt-Sn interactions were 

evidenced by IR of adsorbed pyridine and adsorbed CO and XAS. Multiple Pt sites are present in 

these PtSn/DeAlBEA catalysts, including positive Pt species, Pt clusters, and Pt interacting with 

framework Sn. At low Pt/Al ratios, the Pt was dispersed and interacted with framework Sn 

(EXAFS Pt-Pt coordination number = 3). As the Pt/Al ratio increased, Pt cluster size increased, 

and clustered Pt interacting with framework Sn(IV) became the main Pt species (EXAFS Pt-Pt 

coordination number = 9). These PtSn/DeAlBEA catalysts exhibited high activity for PDH, high 

selectivity to propene (>97%), and good stability (kd = 0.002-0.071 h-1). PtSn/DeAlBEA catalysts 

were more stable, selective to propene, and active for PDH than Pt/DeAlBEA, emphasizing the 

influence of Sn interactions. PtSn/DeAlBEA showed higher activity on a per Pt basis with 

decreasing Pt/Al ratios. PDH occurred via a Langmuir-Hinshelwood type rate expression over 

PtSn/DeAlBEA catalysts with propane site blocking. Similar kinetic parameters were measured 

across Pt/Al ratios (0.001-0.026), suggesting small Pt clusters, with Sn interactions, were the 

dominant active sites for PDH over PtSn/DeAlBEA at all Pt/Al ratios. A first-order forward rate 

constant (kf,app) for PDH was calculated to compare results from different literature studies 

collected at different conditions. The values of kf,app for these PtSn/DeAlBEA catalysts were high 

relative to previously reported literature. These results suggested that the increased activity of these 

PtSn/DeAlBEA catalysts was correlated with the presence of highly dispersed Pt species 

interacting with Sn.  

Further work in this area should be dedicated to applying operando characterization to 

better understand the effects of hydrogen and PDH reaction conditions on Pt-Sn interactions. 

Additionally, studies that combine powerful techniques (e.g., IR and XAS) will shed better light 

on the Pt structures in these materials, especially under extreme reaction conditions. A combination 

of characterization techniques is the most comprehensive method to determine metal structure 

throughout these studies. Lastly, molecular Pt precursors could be employed to better control the 

heterogeneity of sites in PtSn/DeAlBEA catalysts. The distribution of Pt sites is an artifact from 

the wetness impregnation preparation, but alternative Pt introduction procedures may create more 

uniform sites. The silanol nests of DeAlBEA provide suitable host sites for many Lewis acid sites. 

While PtZn/DeAlBEA and PtSn/DeAlBEA have been studied, additional Lewis acid host metals 

(e.g., Ga, Cu) could be investigated. These studies would further shed light on the impact of the 

Lewis acid strength on the reactivity and optimal catalyst structure.  
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