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LIST OF ABBREVIATIONS 

Elements 

Au Gold 

C Carbon 

Co Cobalt 

Cr Chromium 

Cu Copper 

Fe Iron 

Ga Gallium 

H Hydrogen 

He Helium 

In Indium 

Ir Iridium 

Ni Nickel 

O Oxygen 

Pd Palladium 

Pt Platinum 

Re Rhenium 

Rh Rhodium 

Ru Ruthenium 

Sn  Tin 

Ti Titanium 

V Vanadium 

Zn Zinc 

Zr Zirconium 

 

Chemical Compounds 

CH4  Methane 

C2H4  Ethylene 

C2H6  Ethane 

C3H6  Propylene 

C3H8  Propane 

C4H8, C4= Butenes 

C4H10   Butane 

C6H12, C6= Hexenes 

CO  Carbon monoxide 

D2  Deuterium 

H2  Hydrogen 

NH3  Ammonia 

OH  Hydroxide 

SiO2  Silica 

 

Characterizations 

DFT    Density functional theory 

EPR Electron paramagnetic spectroscopy  

FT Fourier transform 

FWHM Full width half maximum 

IR Infrared spectroscopy 

RIXS   Resonant inelastic x-ray scattering 

TEM Transmission electron microscopy 

TOR Turnover rate 

XAS X-ray absorption spectroscopy 

XRD X-ray diffraction 

XPS X-ray photoelectron spectroscopy 

 

Reactions 

GHSV  Gas hourly space velocity 

LAD    Light alkane dehydrogenation 

PDH Propane dehydrogenation 
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WHSV weight hourly space velocity 

 

Units 

Å Angstrom 

atm atmospheres 

a.u.        atomic units 

ccm  cubic centimeters 

eV        electron volts 

g           grams 

keV  kiloelectron volts 

mL        milliliters 

nm  nanometer 

psig pounds per square inch gauge 
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DEFINITIONS 

1. Absorption: the process or action by which one thing absorbs or is absorbed by another 

2. Adsorption: the process by which a solid holds molecule of a gas or liquid  

3. Alloy: a metal made by combining two or more metallic elements 

4. Bimetallic Catalyst: a metal made by combining two or more metallic elements 

5. Bronsted Acid: a site that donates protons to form carbocations from hydrocarbons 

6. Chemisorption: adsorption where the adsorbate is bound by chemical bonds 

7. Cossee-Arlman Mechanism: (coordination-insertion mechanism) a form of 

oligomerization catalyzed by transition metal catalysts 

8. Dehydrogenation: chemical reaction that involves the removal of hydrogen from an 

organic molecule 

9. Density Functional Theory (DFT): a computational quantum mechanical modelling 

method used to investigate the electronic structure of many-body systems 

10. Dispersion: a measurement of the number of exposed atoms on the catalyst surface 

11. Fourier Transform Infrared Spectrscopy (FTIR): used to determine the functional group 

in any given organic sample given dipole moment exists as dipole moments that changes as 

function of time are capable of absorbing IR 

12. Hydrogenation: a chemical reaction between molecular hydrogen (H2) and another 

compound or element to saturate organic compounds 

13. Intermetallic Compound: a type of alloy with an ordered structure  

14. Isotope: two or more forms of the same element that contain equal numbers of protons but 

different numbers of neutrons in their nuclei, and hence differ in relative atomic mass but 

not in chemical properties (i.e. H2 and D2) 

15. Lewis Acid: a site that accepts electrons to form carbocations from hydrocarbons 

16. Metallacycle: oxidative coupling of two ethylene molecules at an electrophilic metal center 

affords a metallacyclopentane intermediate, which undergoes ethylene insertion to give a 

metallacycloheptane that eliminates 1-hexene 

17. Metathesis: redistribution of fragments of alkenes by the scission and regeneration of C=C 

double bonds 

18. Olefin: alkene; a hydrocarbon that contains one or more C=C double bonds  
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19. Oligomerization: The process of converting a monomer or a mixture of monomers into an 

oligomer 

20. Paraffin: a hydrocarbon containing only C-C single bonds 

21. Physisorption: an interaction between an adsorbate and catalyst surface that leaves the 

surface unchanged  

22. Schultz Flory Distribution: the chain growth probability during oligomerization reaction 

23. Shale Gas: natural gas trapped within shale formations 

24. Single Site: a catalyst which contains an isolated ion with bonds only to the catalyst support 

25. Solid Solution: a type of alloy with a disordered structure 

26. Transmission Electron Microscopy (TEM): a powerful tool to measure the particle size, 

structure, and defects in nano materials which works by shining high energy electron beam 

through the sample to observe the interaction between electrons and atoms 

27. Turnover Rate (TOR): the number of moles of reactant consumed/ mole of catalyst/ 

reaction time 

28. X-ray Absorption Spectroscopy (XAS): widely used technique for determining the local 

geometric and/or electronic structure of materials; usually performed at synchrotron 

radiation facilities 

29. X-ray Diffraction (XRD): rapid analytical technique primarily used for phase 

identification of a crystalline material and can provide information on unit cell dimensions 
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ABSTRACT 

In recent decades, alternatives to traditional coal and fossil fuels were utilized to reduce carbon 

emissions. Among these alternatives, natural gas is a cleaner fuel and is abundant globally. Shale 

gas, a form of natural gas that also contains light alkanes (C2-C4), is presently being employed to 

produce olefins, which can be upgraded to higher molecular weight hydrocarbons. This thesis 

describes efforts to develop new catalytic materials and characterizations for the conversion of 

shale gas to fuels. 

In the first half, silica supported Pt-Cr alloys containing varying compositions of Pt and Pt3Cr 

were used for propane dehydrogenation at 550°C. Although a change in selective performance was 

observed on catalysts with varying promoter compositions, the average nano-particle structures 

determined by in situ, synchrotron x-ray absorption spectroscopy (XAS) and x-ray diffraction 

(XRD) were identical. Further, this work presents a method for the characterization of the catalytic 

surface by these methods to understand its relationship with olefin selectivity. From this, we can 

gain an atomically precise control of new alloys compositions with tunable surface structures. 

Once formed by dehydrogenation, the intermediate olefins are converted to fuel-range 

hydrocarbons. In the second half, previously unknown single site, main group Zn2+ and Ga3+ 

catalysts are shown to be effective for oligomerization and the resulting products follow a Schutlz 

Flory distribution. Mechanistic studies suggest these catalysts form metal hydride and metal alkyl 

reaction intermediates and are active for olefin insertion and -H elimination elementary steps, 

typical for the homogeneous, Cossee-Arlman oligomerization mechanism. Evidence of metal 

hydride and metal alkyl species were observed by XAS, Fourier transform infrared spectroscopy 

(FTIR), and H2/D2 isotope exchange. Understanding the reaction intermediates and elementary 

steps is critical for identifying novel oligomerization catalysts with tunable product selectivity for 

targeted applications.  

 Through controlled synthesis and atomic level in situ characterizations, new catalysts 

compositions can be developed with high control over the resulting performance. An atomically 

precise control of the catalyst structure and understanding how it evolves under reaction conditions 

can help shed light on the fundamental principles required for rational catalyst design.  
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 INTRODUCTION 

Energy is vital to sustain the quality of life held in modern society and meet household, 

industrial, and transportation demands. The growing population and desire to improve the standard 

of living will continue to drive increased energy consumption. While these needs have been 

traditionally met by burning fossil fuels (petroleum, coal, and natural gas), environmental concerns 

necessitate emission controls and strict regulations on energy production. Although capital costs 

for renewable energy sources are becoming more economically feasible, the infrastructure is not 

yet in place to substitute conventional energy sources. Instead, better utilization of fossil fuels can 

lead to the extended lifetime of these energy reserves with a lower environmental impact. 

Natural gas is among the cleanest fossil fuels and is domestically available in the United 

States. The increased substitution of coal with natural gas will lead to reduced air pollution, 

including the emission abatement of CO2, NOx, and SOx, while maintaining a similar energy 

output. Because natural gas leads to lower air pollution emissions, there has been an increased 

natural gas use for electric power and transportation within in the United States. For instance, in 

2019, the average natural gas consumption was approximately 85 billion cubic feet of natural gas 

per day and is expected to increase by about 1.7% in 2020.  

In the United States, shale gas – a form of natural gas found in shale reserves in as many as 

30 states– is readily available with the largest amounts produced in Texas, Pennsylvania, 

Oklahoma, Louisiana, and Ohio. While shale gas contains mostly methane (up to 80%), it also 

contains other light hydrocarbons including ethane, propane, and butane, which can be converted 

to higher molecular weight products.  

1.1 Catalytic Shale Gas Conversion 

1.1.1 Shale Gas Boom 

In the past decade, a shale gas revolution occurred in the United States leading to increased 

domestic production. Shale gas is an unconventional type of natural gas extracted from shale gas 

deposits by horizontal drilling, hydraulic fracturing, and micro seismic monitoring. Shale gas 

provides an abundant supply of methane (up to 80%), but also a considerable amount of other light 
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hydrocarbons (ethane, propane, and butane, up to 20%).1–4 The latter has had a large impact on the 

chemical industry, as these light alkanes can be upgraded to olefins, which can be further converted 

to petrochemicals and fuel products by oligomerization.4,5 The recent shale gas boom led to lower 

natural gas prices and promoted increased total olefin production by the implementation of light 

alkane dehydrogenation (LAD), an on-purpose production method. This has also helped replace 

traditional steam cracking feeds of oil-based naphtha with shale-based ethane. 

Advancing technologies have facilitated increased shale gas production in the United States. 

As of 2018, shale gas production in the United States increased to from approximately 79 billion 

cubic feet per day (bcfd) in 2014 to 95 bcfd. This is in excess compared to the need of feed steam 

cracking plants, allowing for surplus shale gas to be exported.  

The rapidly increasing availability of shale gas has sparked industrial and academic research 

for better utilization of shale resources. Due to insufficient processing and distribution 

infrastructures, the gas reserves in isolated shale basins currently offers little usable potential. The 

ability for on-site gas-to-liquid conversion would allow for the transportation of usable products 

from shale gas without modifying the current infrastructure. Within the last four years, the National 

Science Foundation (NSF) funded the Center for Innovative and Strategic Transformation of 

Alkane Resources (CISTAR), an engineering research center led by Purdue University, to develop 

chemical processes for the economical production of valuable products from shale gas. CISTAR 

currently envisions a modular, local, and highly networked processing plant for the conversion of 

light alkanes to higher molecular weight olefins by dehydrogenation, followed by oligomerization, 

in two separate reaction steps under different process conditions. The aim of this thesis is to explore 

the active catalytic structures and reaction intermediates of materials used to both produce and 

convert olefins.  

1.2 Alkane Dehydrogenation to Produce Olefins 

The conversion of light alkanes is facilitated by the activation of a carbon-hydrogen (C-H) 

bond, which can be performed by steam reforming, halogenation, and oxidative and non-oxidative 

dehydrogenation. Non-oxidative dehydrogenation is the most efficient pathway to convert alkanes 

to olefins. Dehydrogenation converts one mole of light alkane (i.e. ethane, propane, butane) to the 

corresponding olefin and hydrogen (Equation 1.1). This on-purpose production of light olefins is 

an important step in the production of value-added chemicals.  
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C3H8 ↔ C3H6 + H2        (∆H298= 124.3 kJ/mol)     Equation 1.1  

C3H8 + H2 → CH4 +C2H6       (∆H298= -53.7 kJ/mol)           Equation 1.2  

  

Propane dehydrogenation is a highly endothermic and the equilibrium-limited reaction 

(∆H298= 124.3 kJ/mol) requires high reaction temperatures (>500 ºC) to achieve high equilibrium 

conversion (50-65%). Higher partial pressures of propane lead to lower equilibrium conversions. 

Once H2 is produced, propane can form CH4 and C2H6 (hydrogenolysis), which is more 

thermodynamically favored (Equation 1.2). These side products, which occur from carbon-carbon 

(C-C) bonds breaking, degrade the chemical value of the resulting products. Higher concentrations 

of H2 typically lead to higher rates of side reactions and lower olefin selectivity.  

Most monometallic catalysts favor hydrogenolysis. Therefore, catalyst selection for LAD 

reactions requires the C-H bond activation to be much more favorable than the C-C bond 

activation.2,5 This is achieved on both noble metal based bimetallic Pt catalysts and metal oxides.6–

8 The former is known to typically have higher rates, longer lifetime, and higher olefin selectivity 

(Table 1.1).  

 

Table 1.1. Comparison of noble metal based bimetallic Pt catalysts and metal oxides1 

Active Component Promoter Pt Metal Oxides 

Selectivity (%) 90-100 80-100 

TOR (s-1) 10-1 10-5 

Deactivation rate (h-1) 0.01 0.1 

Life (h) 100 0.5 

Space velocity (h-1) 10 1 

 

Two alkane dehydrogenation technologies that dominate propylene production are UOP’s 

Oleflex process and Lummus Catofin process, utilizing Pt-Sn and Cr2O3/SiO2 respectively.5,9 The 

lower rate of Cr2O3/SiO2, and its susceptibility to rapid poisoning, ultimately increased interest in 

bimetallic catalysts, like Pt-Sn, containing a promoted noble metal.1 Because the desired olefins 

are more reactive than alkanes, undesired side reactions including hydrogenolysis, and coking 

typically occur, which leads to lower olefin selectivity.  
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1.2.1 Bimetallic Catalysts for Light Alkane Dehydrogenation 

Monometallic noble metal catalysts, such as Pt nanoparticles, have high rates for LAD, but 

poor olefin selectivity and unsatisfactory stability. When a second metal, or promoter, is added to 

modify the Pt crystal structure, higher olefin selectivity is typically observed. Sn is the most widely 

studied promoter, and commercial processes utilize supported Pt-Sn catalysts. This post-transition 

metal is known to modify the Pt active sites, and consequently suppress hydrogenolysis and 

isomerization reactions while minimizing sintering.1,10 The Sn promoter also neutralizes the 

support and prevents coke from deactivating the dehydrogenation reaction. It is believed that Sn 

electronically modifies Pt by transferring electrons to the valence band, which enhances olefin 

desorption and suppresses dissociative adsorption of alkanes.1,11 In addition, proposed geometric 

effects suggest that the addition of Sn causes a reduction in the ensemble size by alloying with Pt 

and covering low coordination sites on the Pt.11 Likewise, particles utilized on the nanoscale (<50 

nm) exhibit size effects. The properties of nanoparticles, which are generally different than those 

of bulk materials, cannot be predicted based on periodic trends. Consequently, definitive 

conclusions explaining the improved performance of Pt-Sn catalysts compared to Pt alone have 

not been determined because the interactions between the metal nanoparticles are not widely 

studied.3 The literature surrounding the use of bimetallic catalysts fails to address their specific 

structures resulting in a limited understanding of the impact the dual-metal system has on catalytic 

performance.  

Both geometric and electronic arguments have been proposed to explain the properties of 

highly selective catalysts. Geometric effects involve the size of the Pt-ensemble, or the number of 

adjacent Pt atoms. C-C bond breaking requires Pt ensembles containing five or six Pt atoms.12,13 

When a bimetallic catalyst is formed, the size of the Pt ensemble is reduced and C-H bond breaking 

becomes more favorable, resulting in improved selectivity towards olefins. This is because 

dehydrogenation is a structure insensitive reaction, requiring only a single Pt atom to occur. As 

the promoter reduces the size of Pt ensembles, the structure sensitive reaction, hydrogenolysis, is 

inhibited, while the structure insensitive reaction, dehydrogenation, remains unchanged.  

Electronic effects are associated with changes in the energy of the Pt 5d orbitals and changes 

in adsorption energies of Pt.14 Bimetallic catalysts often lead to lower adsorption energies, 

resulting in less coking and the attenuation of hydrogenolysis both of which favor higher olefin 

selectivity.   
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Other post-transition metals have been studied as promoters when paired with Pt in the alkane 

dehydrogenation. Most notably, Zn has similar effects as a promoter on Pt to those of Sn in that it 

prevents undesired side reactions and limits coke formation.1,11 Additional post-transition metal 

promoters include Ga and In, which are expected to function analogously to Sn, but are thought to 

have weaker electronic effects.1 

1.2.2 Bimetallic Catalysts: History and Opportunity 

Because structure-property relationships have not yet been determined for bimetallic catalysts, 

the chemical and electronic behavior of these materials relative to their parent materials cannot be 

determined without catalyst development and, consequently, they have gained considerable 

interest. Previous work indicates that improved catalytic performance of bimetallic catalysts is 

attributed to the isolated noble metal.3 When two metals are combined there is a change in metal-

metal (M-M) bond length and the structural changes may occur such that metal atoms receive 

different neighbors. Ultimately the functionality of each catalyst is dependent on the interactions 

between the metals and the support, in addition to particle size. This class of catalysts is expected 

to promote structure insensitive reactions (dehydrogenation), while inhibiting structure sensitive 

reactions (hydrogenolysis), thus yielding high olefin selectivity during dehydrogenation and 

inhibiting the formation of undesired products.1  

As early as the 1960s, bimetallic catalysts of various compositions were investigated to 

understand how different combinations of metal pairs improve the catalytic performance compared 

to their monometallic counterparts. At the time, few characterizations were able to precisely 

identify the catalyst structure, especially that on the active catalytic surface, leading to an 

incomplete understanding of the resulting nanoparticle structures. 

Early bimetallic catalysts include Pt-Re and Pt-Ir, which were extensively studied for naphtha 

reforming. Typically, H2 and CO chemisorption was performed on these catalysts to identify 

changes in the adsorption character on modified surfaces. Early understanding of bimetallic 

catalysts is explained by the rigid band theory, which emphasizes the concept of d character leading 

to changes in adsorption properties. This incorrectly ascribed that there was significant electron 

transfer between the active metal and its promoter, which was later proved wrong with XPS studies.  

The ensemble effect was later investigated by John Sinfelt. His early work on bimetallic 

catalysts found that the addition of small concentrations of Cu to Ni nanoparticles led to improved 
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alkane hydrogenolysis activity.15 This was explained by Cu reducing the number of neighboring 

Ni atoms. However, the earliest studies on bimetallic catalysts including groups 8 -10 elements 

such as Ni and Cu often formed solid solutions, where a lack of precise control over the resulting 

nanoparticle morphologies inhibit the understanding of bimetallic formation.  

Here, a few definitions become important for understanding the different morphologies of 

such catalysts. A bimetallic catalyst describes a nanoparticle containing two metals. A bimetallic 

catalyst can either have an ordered structure, where an intermetallic compound is formed, or a 

disordered structure, where a solid solution is formed. Solid solutions (Pt-Cu, Ni-Cu) often form 

due to mutual solubility and usually occur between metals with the same crystal structure (e.g. 

FCC). Other combinations of metals such as Ru-Cu, Pt-Re, Pt-Ir, and Pt-Sn do not have mutual 

solubility and it was initially believed that there were two individual layers each containing a 

different metal.16–18  

As the characterization capabilities advanced, it was found that, at least under reforming 

conditions (i.e. in H2), ordered alloy phases were achieved. A combination of bulk 

characterizations including transmission electron microscopy (TEM) and x-ray absorption 

spectroscopy (XAS) have been used to identify the local arrangement of atoms in bimetallic 

catalysts to understand the specific geometric structure under reaction conditions. Similarly, both 

techniques can be used to identify the energy of the unoccupied states in nanoparticles. Atomic 

resolution TEM can be used to map the electron density in nanoparticles but is challenging to 

perform on < 5 nm nanoparticles. XAS also does not provide information about the occupied 

electron states. These techniques can be coupled with x-ray diffraction (XRD) to determine the 

long-range order leading to appropriate phase identification. In situ and operando capabilities for 

all these techniques have also led to an understanding of the average nanoparticle structures under 

reaction conditions. 

Early research on bimetallic catalysts can be used for important insight in understanding these 

corresponding geometric and electronic structures with modern characterization capabilities. In 

recent years, our group has made significant effort to deconvolute the geometric and electronic 

effects of bimetallic nanoparticles to determine what controls high olefin selectivity in 

dehydrogenation.3,19–25 Through this, an atomic level understanding of the resulting materials is 

being developed, which will aid further catalyst development. For this, identifying the precise 

catalyst structure is important. 
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1.2.3 Identification of Precise Catalytic Structures 

Identifying the bulk and surface structures of nanoparticles is key to understanding their 

selective performance and could ultimately lead to further atomic control in the synthesis of 

bimetallic catalysts. Approaches for characterization of the nanoparticle surface are needed to 

better understand bimetallic catalysts and their performance. In many cases, the combination of 

metals improves the catalytic behavior compared to their monometallic substituents, but few 

characterizations are performed to precisely identify the resulting structure, and especially that of 

the catalytic surface. In recent years, improvements in nanoparticle synthesis to control the particle 

size and metal incorporation, have led to a better understanding of the atomic order of 

nanoparticles.8,26 For instance, core-shell structures, solid solutions, and intermetallic alloys, of 

which several structures may be possible, can be formed depending on the metal pairs and 

synthesis conditions. The determination between these structures is often subtle, especially in 

nanoparticles.3,11,21  

Determining the atomic distribution and alloy structures of supported bimetallic nanoparticles 

is challenging and requires a combination of techniques to identify the specific phases present. For 

instance, XAS has been used to determine if a bimetallic phase is achieved, and the specific phases 

can be confirmed by in situ synchrotron XRD.2,3,21–23,27,28 The use of synchrotron radiation leads 

to a high signal-to-noise ratio in small nanoparticles of less than 2 nm and thus, it is possible to 

resolve the atomic order.2 These characterizations, however, are not sufficient to determine the 

nanoparticles surface structure, especially when it differs from the average composition. For 

example, surface segregation, or when the two metals de-alloy causing one to preferentially move 

to the surface, is possible. This could lead to changes in the surface compared to the average 

composition and structure, which has been reported for  Pt-Au, where the  alloy exhibited a Pt-rich 

alloy core with Au-rich shell.18 Alternatively, when the alloy structure is maintained the 

nanoparticle may exist as a core-shell structure, which could behave differently from a full alloy 

of the same structure.18 While the commercial Pt-Sn catalyst has high initial selectivity (>90%), 

frequent regeneration leads to the deactivation of surface sites, resulting in low yield due to poor 

thermal stability and decreased selectivity.9 This further suggests a subsequent change in the 

surface structure, contributing to different catalytic performance. Similar results have been 

observed on bimetallic catalysts containing other post transition metal promoters (i.e. In, Ga, Zn).  
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In the first part of this thesis, a method for identifying the catalytic surface using synchrotron 

XAS and XRD of Pt-based nanoparticles has been developed to explain changes in catalytic 

reactivity. Bulk characterization methods revealed that the catalysts had similar morphologies, 

despite having different catalytic selective performance behaviors. To distinguish the active 

catalytic surface, a new approach by difference analysis was developed. It was revealed that 

although the average nanoparticle structures were similar, their specific morphologies varied 

slightly. Through this partial core shell structures were distinguished from core shells and full 

alloys. Beyond that, this technique allows us to estimate the fractional composition of alloy in a 

nanoparticle and shell thickness in core shell nanoparticles. From this understanding, we can gain 

an atomic precise control of the alloys we synthesize, which will ultimately allow for more tunable 

surface structures and enhanced selectivity towards the desired product.  

1.3 Olefin Transformation by Oligomerization 

The oligomerization of olefins is of high academic and industrial interest because it produces 

the building blocks of industrial and consumer products including plastics, detergents, lubricants, 

petrochemicals, and a variety of industrial chemicals.29 Oligomerization is the process by which 

short chain olefins (like ethylene (C2H4) and propylene (C3H6)) are converted to intermediate 

chain-length olefins. This chain growth depends on the number of reacting molecules. For example, 

in C2H4 oligomerization, at low conversions, two C2H4 molecules combine to form butenes (C4H8), 

but low molar concentrations of C4H8 inhibits further chain growth. At higher conversions, when 

enough C4H8 is produced, it can either combine with C2H4 or another C4H8 to form hexenes (C6H12) 

or octenes (C8H16) and so on. If only oligomerization occurs with an even number carbon reactant, 

then only products containing even numbers of carbons are possible. Similarly, C3H6 

oligomerization would yield a normal distribution of hexenes (C6H12), nonenes (C9H18) and so on.  

The conversion of short chain olefins (formed from steam cracking, fluid catalytic cracking, 

dehydrogenation, Fischer Tropsch processes, etc.) to long chain hydrocarbons, has been of 

considerable interest in the past. Fuel products have been produced by oligomerization since the 

early 1930s.30 Linear alpha olefins, which can be produced by ethylene oligomerization, are also 

of interest in the petrochemical industry, where millions of tons are produced annually.31,32 

Oligomerization is a necessary step to produce the precursors for many consumer products.  
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Current commercial oligomerization catalysts are mainly based on homogeneous catalysts 

including nickel (Ni), titanium (Ti), zirconium (Zr), and chromium (Cr). These catalysts show high 

activity and selectivity towards linear alpha olefins, although it is difficult to control the resulting 

chain length.33  

For example, the Shell Higher Olefin Process (SHOP) utilizes Ni-based organometallic 

complexes, bearing a chelating ligand with a neutral phosphine and an anionic oxygen donor.34 

The critical discovery by Karl Ziegler and Heinz Martin that titanium chloride, in combination 

with aluminum ethyl chloride Al(C2H5)2Cl catalyzes the conversion of ethylene to 1-butene with 

high selectivity, paved the way for the Ziegler type of catalysts.35 Various combinations of these 

have been used for the development of commercial processes. For example, the Alphabutol process 

is used to convert ethylene to 1-butenes with Ti catalysts. This is also performed using Zr-alkoxides, 

which have lower activity, but comparable selectivity.31 The Gulfene and Ethyl processes by 

Chevron Phillips and Ineos respectively also utilize these catalysts. The relatively newer processes 

by IFP Energies nouvelles (IFPEN) and SABIC-Linde developed processes based on a Ziegler 

catalytic system composed of a Zirconium precursor, a ligand, and an Aluminum co-catalyst.35 Cr-

based catalysts can also be used for ethylene trimerization to produce 1-hexene.36 For example, 

the Phillip’s catalyst, Cr/SiO2, is the only catalyst that can perform this commercially and is 

responsible for producing 47000 tons per annum of 1-hexene.31  

After the commercial successes of Ni and Cr, other transition metal catalysts involving cobalt 

(Co) and iron (Fe) are also being explored as potential oligomerization catalysts, but the catalysts 

require activation with additional ligands. Current homogeneous oligomerization catalysts require 

the use of catalyst activators, as well as additional separation steps to recover and regenerate the 

catalysts, both of which are economically and practically infeasible. 

To address this, the heterogeneous counterparts have been extensively studied on a variety of 

metals and supports. Among many transition metals utilized for ethylene oligomerization, nickel 

catalysts supported on silica, silica-alumina, and various zeolites have shown high activity.37 

Typically this is performed at low temperatures (150oC -250oC) and high pressures (0.5 atm – 15 

atm) in batch and flow reactors, no reports have high temperature (> 450oC) oligomerization have 

been made.38 
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1.3.1 Heterogeneous Oligomerization Catalysts 

Significant effort has been devoted to the development of heterogeneous oligomerization 

catalysts. These catalysts can be described in three general categories: 1) solid acids 2) Ni 

complexes immobilized on a support and 3) Ni supported inorganic porous materials. Bifunctional 

catalysts containing metallic and acid sites are also utilized to evoke different product distributions 

and catalysts lifetimes.33  

Acid catalysts include supported phosphoric acid and zeolites have a high potential to 

oligomerize propylene. However, at mild reaction conditions, the oligomerization rate of ethylene 

is much lower than on other olefins because the initial activation involves highly unstable primary 

carbocation intermediate. This requires higher reaction temperatures, which are also known to 

catalyze various side reactions including isomerization, disproportionation, cracking, and 

aromatization. Such catalysts also rapidly deactivate by coke formation.  

Supported Ni complexes suffer from lower rates and poorer olefin selectivity than their 

homogeneous analogs. Typically, supported Ni catalysts are highly selective towards butenes, 

whereas, higher molecular weight products are necessary to produce fuel products. This has led to 

extensive studies on Ni-based oligomerization catalysts to determine the active phase of Ni. Early 

studies claim that supported NiO is active for oligomerization. Later, effort to isolate Ni2+ or Ni+ 

ions was made to assess their catalytic performance and determine the active Ni site. Ni+ is not a 

common oxidation state but is thought to be produced by the reduction of Ni2+ to Ni+ in various 

support materials. Distinguishing Ni+, Ni2+, and NiO requires a way of counting specific sites using 

electron paramagnetic/spin resonance (EPR/ESR) and IR spectroscopy with specific probe 

molecules (CO, NH3). 

Bifunctional catalysts containing Ni2+ and solid acids are currently thought to be the most 

promising for the synthesis of C6+ higher olefins by ethylene oligomerizations. The Bronsted acid 

function comes from the acidic supports, like zeolites (e.g. BEA, MCM-41, ZSM-5). The 

production of higher molecular weight products requires large pores, which can accommodate 

products such as hexene. The Bronsted acid function typically allows for further oligomerization 

of the butenes produced by Ni2+, in addition to side reactions including cracking, isomerization, 

and hydrogen transfer. Therefore, the resulting product mixture would contain both linear and 

branched hydrocarbons with both even and odd carbon numbers.  
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However, the development of new oligomerization catalysts is necessary improve reaction 

rates and understand the driving forces of selectivity. Tuning the length of the resulting carbon 

chain can lead to better process design for targeted products.  

1.3.2 Known Oligomerization Mechanisms on Transition Metal Catalysts 

Two oligomerization mechanisms have been proposed. The metallacycle is a ring expansion 

mechanism where oxidative coupling of two ethylene molecules occurs at an electrophilic metal 

center. The metallacyclopentene intermediate undergoes ethylene insertion to form a 

metallacycloheptane and eliminate hexene.39 Here, a -hydrogen shift is prevented by the 

geometry of the reaction intermediates leading to high selectivity towards hexenes and octenes, 

but low amounts of butenes are produced.40,41  Alternatively, the Cossee-Arlman mechanism is 

where an alkyl chain grows by coordination of the olefin to a vacant site on the metal center, and 

then subsequent formation of the metal alkyl bond by alkylation of a metal hydride. Desorption of 

the olefin product can take place by -hydride elimination or transfer, restoring the metal hydride 

site and leaving a surface OH group. 

On transition metal catalysts, the coordination insertion mechanism is generally accepted. 

This is marked by the products following a Schultz Flory distribution, or the relative ratio of 

alkenes of different lengths that occur in an ideal step growth oligomerization process. For 

catalysts following a Schultz Flory distribution in ethylene oligomerization, the molar composition 

of products will follow butene > hexene > octene.42 This distribution implies that shorter chain 

products are favored over longer ones.  

In heterogeneous catalysis, single site catalyst refers to an isolated metal ion with metal-

oxygen bonds only to the support. Single site catalysts are increasingly being used to facilitate 

oligomerization and polymerization. Like Ni2+, other single sites such as Cr3+, Fe3+, Ti2+, and Zr2+ 

can be used to convert ethylene to higher molecular weight products. Under standard reaction 

conditions, there is little control of the resulting products on each catalyst center.   

Control of the product distribution can allow for catalyst selection to target the formation of 

specific products whether for fuels or polymers. This would require an understanding of the 

specific reaction intermediates and elementary steps. Though, few other catalysts are as active as 

Ni2+ for oligomerization and are therefore few mechanistic studies are available.   
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In the second half of this thesis, heterogeneous, non-acidic oligomerization catalysts are 

investigated. Silica supported Ga3+, Zn2+, and Co2+ single site catalysts were developed to perform 

oligomerization under flexible reaction conditions. While Ni2+ reduces to Ni0 under reaction 

temperatures higher than 300°C, the catalysts introduced in this thesis are resistant to reduction. 

In addition, mechanistic studies revealed the formation of metal hydride and metal alkyl 

intermediates and suggest that the latter follow the same Cossee-Arlman mechanism as Ni2+ to 

produce longer chain oligomers.   

1.4 Thesis Overview 

Olefins, most notably ethylene and propylene, are important chemical intermediates that are 

used in the production of petrochemicals and can be further converted to fuel products via 

oligomerization. The recent shale gas boom led to lower natural gas prices and promoted increased 

total olefin production by the implementation of light alkane dehydrogenation (LAD), an on-

purpose production method. The olefins produced by dehydrogenation can then be upgraded to 

higher molecular weight hydrocarbons by oligomerization. This thesis highlights the 

characterization of novel catalytic structures to both produce and transform olefins. Using 

emerging techniques like in situ x-ray absorption spectroscopy and x-ray diffraction, the long-

range order of catalyst bulk and surface structures can be determined. Other in situ 

characterizations such as infrared spectroscopy and isotopic exchange experiments can be used to 

identify the structures of relevant reaction intermediates. The insights gained through these 

advanced characterizations under reaction conditions can lead to the design of targeted catalyst 

structures to control fundamental catalyst proprieties like reaction rates and product distributions. 

In the first half of this thesis, the structural evolution of Pt-Cr bimetallic nanoparticles was 

explored as a function of Cr content and reduction temperature. Through this, it was determined 

that Pt nanoparticles first form at low temperatures. The reduced Pt nanoparticle can facilitate H2, 

dissociation and promote the reduction and incorporation of Cr2O3 to form a bimetallic phase. 

Through this, it was found that the addition of Cr to Pt nanoparticles leads to improved propylene 

selectivity in propane dehydrogenation. For instance, catalysts containing 1 wt% Cr had a 

propylene selectivity of 88% while those containing 3 wt% Cr had 97%. Despite these differences 

in the selective behavior, the bulk characterizations of these catalysts were nearly identical. To 

understand these changes in catalytic performance, a new method of surface analysis by difference 
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to identify the structures of the active catalytic surface was developed. Through this, it was 

determined that the surface was Cr-rich relative to the bulk, consistent with the formation of the 

of a surface alloy and further inward incorporation. While high Cr concentrations (> 3 wt%) led to 

the formation of a full core shell morphology with a Pt core and Pt3Cr shell (and eventually a full 

alloy at a high enough reduction temperature), low Cr concentrations had exposed Pt on the 

nanoparticle surface. The catalyst synthesis, pretreatment, and reaction conditions can all change 

the catalyst structure and therefore change the catalytic performance.  

This method of difference analysis to study catalytic surfaces was applied to a variety of 

catalyst systems (i.e. Pt-Cr, Pt-Co, Pt-V). These case studies emphasized that knowing the precise 

structure of the catalytic surface is critical for drawing conclusions about not only the catalytic 

performance, but also the electronic structures of nanoparticles.  

 The second half of this thesis explores the catalytic performance of silica supported, non-

acidic single site catalysts for oligomerization. Like the commercially known Ni2+ single sites, 

Ga3+, Zn2+, and Co2+ all perform oligomerization, though with varying activities and product 

distributions. On the latter, higher reaction temperatures are needed to promote higher rates. While 

Zn2+ favors the formation of dimers, like Ni2+, Ga3+ and Co2+ form higher molecular weight 

hydrocarbons. A mechanistic study on these catalysts was performed to identify reaction 

intermediates, which have been proposed to be metal hydrides (M-H) and metal alkyls (M-R). 

Initiation on these heterogeneous single site catalysts could be achieved by the activation of 

C-H bonds in high concentrations of ethylene. Spectroscopic evidence suggests the formation of 

metal hydrids. Subsequent alkylation on a metal hydride produces a metal alkyl and facilitates 

oligomerization following the traditional Cossee-Arlman mechanism. For these heterogenous 

analogs to traditional oligomerization catalysts, the heterolytic activation of C-H and H2 bonds is 

critical. Consequently, higher reaction temperatures lead to higher reaction rates.  

Catalysts to facilitate the conversion of light alkanes from shale gas to higher molecular 

weight hydrocarbons are being developed. Using controlled synthesis and advanced 

characterizations approaches can help provide a fundamental understanding of the structures and 

reaction intermediates needed to control catalyst performance.  
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 IDENTIFICATION OF SURFACE STRUCTURES IN PT3CR 

INTERMETALLIC NANOCATALYSTS 

This chapter was reprinted with permission from (LiBretto, Nicole J.; Yang, Ce; Ren, Yang; 

Zhang, Guanghui; Miller, Jeffrey T. Identification of Surface Structures in Pt3Cr 

Intermetallic Nanocatalysts. Chemistry of Materials, 31, 1597-1609 (2019).). Copyright 2019 

American Chemical Society. 

2.1 Introduction 

Supported bimetallic nanoparticles are used in a large number of applications including 

heterogeneous catalysis, electro-catalysis, chemical sensing, and biomedicine.1–4 As early as the 

1970s, high surface area, highly dispersed bimetallic catalysts containing transition metals were 

investigated to understand how the combination of different metal pairs impacts catalytic 

performance.5 While it was clear in most cases that the combination of metals improves the 

catalytic behavior compared to the monometallic substituents, few characterizations were able to 

precisely identify the resulting structure, and especially that of the catalytic surface. In recent years, 

improvements in nanoparticle synthesis to control the particle size and metal incorporation, have 

led to a better understanding of the atomic order of nanoparticles.6,7 For instance, core-shell 

structures, solid solutions, and intermetallic alloys, of which several structures may be possible, 

can be formed depending on the metal pairs and synthesis conditions. The determination between 

these structures is often subtle, especially in supported nanoparticles smaller than 5 nm in size.8–10  

Determining the atomic distribution and alloy structures of supported bimetallic nanoparticles 

is challenging and requires a combination of techniques to identify the specific phases present.11,12 

For instance, X-ray absorption spectroscopy (XAS) has been used to determine if a bimetallic 

phase is achieved, and the specific phases can be confirmed by in situ synchrotron X-ray diffraction 

(XRD).8,9,13–17 The use of synchrotron radiation leads to a high signal-to-noise ratio in small 

nanoparticles of less than 2 nm and thus, it is possible to resolve the atomic order.13 These 

characterizations, however, are not sufficient to determine the nanoparticles surface structure, 

especially when it differs from the average composition. For example, surface segregation, or 

when the two metals de-alloy causing one to preferentially move to the surface, is possible. This 

could lead to changes in the surface compared to the average composition and structure, which has 

been reported for Pt-Au, where the alloy exhibited a Pt-rich alloy core with Au-rich shell.18 
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Alternatively, the core-shell nanoparticles may behave differently from full alloys of the same 

structure.19,20 Identifying the surface composition and structure in bimetallic  nanoparticles will 

lead to a better understanding of the catalytic performance; however, better methods for 

characterization of the surface are needed.  

Here we have prepared bimetallic Pt-Cr nanoparticle catalysts with a Pt3Cr surface – Pt core 

structure, which are selective for propane dehydrogenation. The average structures were 

determined using in situ XRD and XAS analysis.  In addition, a method is described to determine 

the surface structure composition, where the surface XAS and XRD were isolated using the 

difference spectrum of the reduced and oxidized spectra. This approach led to high resolution even 

in nanoparticles smaller than 2 nm. Through this difference analysis, surface structures can be 

identified with resolution down to a single atomic layer.  

2.2 Materials and Methods 

2.2.1 Catalyst Preparation 

Three Pt-Cr catalysts containing target weight loadings of 2 wt% Pt with 0, 1, and 3 wt% Cr 

were synthesized using sequential incipient wetness impregnation (IWI), so that the resulting 

catalysts contained Cr:Pt molar ratios of 0, 1.9, and 5.6 respectively. The samples are named by 

their target weight loadings. Chromium nitrate nonahydrate (Cr(NO3)3·9H2O, Sigma Aldrich), and 

citric acid (Sigma Aldrich) were dissolved in 3 mL of Millipore water in a 1:1 molar ratio and the 

resulting solution was added dropwise to 5 g of silica with grade 636 (pore size = 60 Å, surface 

area = 480 m2/g). The obtained Cr/SiO2 catalyst precursors were dried for 16 hours at 125°C and 

then calcined at 350°C for 3 hours. A second solution was made using 0.2 g of tetraamine platinum 

nitrate (Pt(NH3)4(NO3)2, Sigma Aldrich) dissolved in 2 mL of Millipore water and 1.75 mL of 30% 

ammonium hydroxide solution was added to adjust the pH to 11. The resulting solution was added 

dropwise to the Cr/SiO2 following the charge enhanced dry impregnation (CEDI) method.6 The 

Pt-Cr/SiO2 catalysts were dried for 16 hours at 125°C and then calcined at 250°C for 3 hours. The 

catalysts were reduced in flowing H2 at various temperatures from 250°C to 800°C to alter the 

degree of Cr incorporation.  
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2.2.2 Scanning Transmission Electron Microscopy (STEM) 

Catalysts were analyzed by STEM at Electron Microscopy Center at Argonne National 

Laboratory using FEI Talos Scanning Transmission Electron Microscope (80-300 kV). The as- 

synthesized catalysts were pre-reduced at the desired reduction temperatures (250, 400, 550, 700, 

and 800°C) using a ramp rate of 10°C/min in H2. Samples were dispersed in hexane and deposited 

on a Au-coated holey carbon grid (TedPella). Images were taken using the high angle annular dark 

field (HAADF) detector at 300 kV. The measurements were performed on the samples after they 

were exposed to air, which is not expected to change the particle size distribution. The average 

particle size was determined by performing a statistical distribution analysis on a sample size of 

250-300 particles imaged using ImageJ particle size counting software.21 

2.2.3 In Situ X-Ray Absorption Spectroscopy (XAS) 

In situ XAS experiments were performed at the 10-BM-B beamline at the Advanced Photon 

Source (APS), Argonne National Laboratory at the Pt LIII (11.564 keV) edge in transmission mode, 

with energy resolution of 0.3 eV and edge energy precision greater than 0.1 eV. 2Pt/SiO2, 

2Pt1Cr/SiO2, and 2Pt3Cr/SiO2 were ground into a powder, pressed into a sample holder, and sealed 

in a sample cell with leak-tight Kapton end caps. The sample cell was treated with 3.5% H2/He for 

30 minutes at 250, 400, 550, 700, and 800°C sequentially. The cell was cooled to room temperature 

in flowing He between each temperature exposure, sealed, and moved to the beamline to acquire 

data. The He tank was connected to a gas purifier to reduce the possibility of O2 exposure. A 1 nm 

Pt/SiO2 sample was used for reference to verify that the cell was not accidently exposed to O2 in 

between the H2 pretreatment and scanning. After H2 treatment at each temperature, the sample cell 

was purged with 20% O2 at room temperature for 15 minutes to allow for surface oxidation of the 

nanoparticles, and a second spectrum was acquired.22 Each measurement was accompanied by 

simultaneous measurement of a Pt foil scan obtained through a third ion chamber for internal 

energy calibration. 

All data were analyzed using WinXAS 3.1 software23 using standard fitting procedures to find 

the coordination number and bond distances between Pt and its neighbors. EXAFS was obtained 

using a least squared fit in r- space performed on isolated k2- weighted Fourier transform data. The 

data were fit using experimental Pt-Pt phase and amplitude files obtained from a Pt foil. Theoretical 
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Pt-Cr phase and amplitude files were obtained from FEFF624 calculations. Each sample was fit 

using two scattering paths (Pt-Pt and Pt-Cr). 

Difference XAS analysis was used to determine the surface composition of the nanoparticles. 

First, spectra were obtained after reducing the samples at varying temperatures in H2. Then, the 

samples were subsequently oxidized by exposure to air at room temperature and scanned again. 

The difference in k0-weighted chi’s (reduced-oxidized) was used to show changes in the surface. 

The resulting difference chi spectrum, representing the surface of the nanoparticles, was then k2-

weighted and a Fourier transform was fit. The data was fit using three scattering paths (Pt-Pt, Pt-

Cr, and Pt-O). An experimental phase and amplitude were obtained for Pt-O using PtO as a 

reference compound. The phase of the Pt-O scattering pair was π radians out of phase from the 

normal EXAFS. The Pt-O amplitude is unchanged.  

2.2.4 In Situ X-Ray Diffraction (XRD) 

In situ XRD measurements were performed at the 11-ID-C beamline at the APS, using X-rays 

of 𝜆=0.1173 Å (105.715 keV) and data was acquired using a PerklinElmer large area detector. The 

high-energy and high-flux X-rays are necessary for collecting diffraction patterns on nanoparticles 

< 10 nm in size to increase the signal to noise ratio and reduce the background from the SiO2 

support. Samples were pressed into a self-supported pellet (< 2 mm thickness) and then loaded 

into a thermal stage. The cell was purged with He before a flow of 3.5% H2/He at 100 ccm was 

introduced and the temperature was increased to the target temperature (250, 400, 550, 700, and 

800 °C). After diffraction measurements were completed at the reduction temperature, the cell was 

cooled to 35°C and a second diffraction measurement was obtained. A third set of diffraction 

measurements were obtained at room temperature for each sample after being exposed to room 

temperature air, post-reduction.  

The background scattering of the empty cell and silica were obtained under the same conditions 

and subtracted from the XRD pattern. The diffraction patterns were collected as 2-D Scherrer rings 

and were integrated using Fit2D software25 to obtain 1-D diffraction patterns as scattering intensity 

vs. 2θ plots. Theoretical diffraction patterns for possible Pt and Pt-Cr structures were simulated at 

room temperature using crystal information files imported to Materials Analysis Using Diffraction 

(MAUD)26 and were used to identify the catalyst phase. All diffraction patterns were used to obtain 

the unit cell size and Pt-Pt and Pt-Cr bond distances. The nanoparticle size (d) was calculated using 
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the Scherrer equation (d=
𝜆

𝛽𝑐𝑜𝑠𝜃
 ), where 𝜆 is the X-ray wavelength, 𝛽 is the full width at half 

maximum (FWHM), a peak broadening parameter, and 𝜃 is the Bragg angle. Bragg’s law (d111 = 

𝜆

𝑠𝑖𝑛𝜃
 ) was used to find the lattice spacing (d111) of the nanoparticle and then the lattice constant (a) 

was calculated using the geometry of the (111) plane (d111
2 = 

𝑎2

√3
). The Pt-Pt and Pt-Cr bond 

distances were calculated from the obtained lattice parameter.  

2.2.5 Catalyst Performance Evaluation 

Propane dehydrogenation was used to indicate structural changes to monometallic Pt with the 

addition of Cr to form bimetallic catalysts of different morphologies. Catalyst performance tests 

were performed at 550°C in a fixed bed reactor with a quartz reactor tube of 3/8-inch outer 

diameter. The weight of the catalyst (particle size 250-500 µm) loaded into the reactor ranged from 

25 mg to 500 mg to vary the initial propane conversion and was diluted with silica to reach a total 

of 1 g. A thermocouple was used to measure the temperature in the center of the bed. Before each 

test, the catalyst was reduced for 30 minutes at a minimum temperature of 550°C under 100 ccm 

5% H2/N2 and then cooled down to target reaction temperature (550°C). Pretreatment reduction 

temperatures lower than 550°C could lead to a change in catalyst structure when heated to reaction 

temperature, thus were not evaluated for the catalytic performance. The reaction was performed in 

2.5% C3H8, 2.5% H2, balanced with N2. The products were analyzed with a Hewlett Packard 6890 

Series gas chromatograph using a flame ionization detector (FID) with a Restek Rt-Alumina 

Bond/Na2SO4 GC column (30 m in length, 0.32 mm inner diameter, and 0.5 µm film thickness). 
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2.3 Results 

2.3.1 STEM 

 

Figure 2.1. A) STEM image and particle size distribution for 2Pt/SiO2 after reduction at 550°C 

B) Particle size as a function of reduction temperature for Pt-Cr catalysts, where higher reduction 

temperatures lead to larger particle size 
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Catalysts containing loadings of 2 wt% Pt (2Pt/SiO2) with 1 wt% Cr (2Pt1Cr/SiO2) and 3 wt% 

Cr (2Pt3Cr/SiO2) were prepared by the pH modified impregnation method.6 The catalysts were 

reduced at various temperatures starting as low as 250°C up to 800°C. A representative STEM 

image and particle size distribution is shown for 2Pt/SiO2 after reduction at 550°C (Figure 2.1a). 

STEM particle size distributions are shown for the Cr-containing catalysts reduced at 550°C and 

800°C and show slightly larger particle sizes after reduction at higher temperatures (Figure 2.1b). 

In each instance there is a narrow particle size distribution of uniform, small sized nanoparticles, 

similar to previous catalysts prepared by this synthesis method.6 Upon increasing the reduction 

temperature, the averaged particle size of 2Pt3Cr/SiO2 increased from 2.5 nm to 3.3 nm, while for 

2Pt1Cr/SiO2, the particle size increased from 1.9 nm to 2.4 nm. STEM indicates the presence of 

few particles larger than 5 nm in both 2Pt1Cr/SiO2 and 2Pt3Cr/SiO2 after reduction at 800°C. The 

particle sizes are summarized in Table 2.1.  

 

Table 2.1. Average particle size of Pt-Cr catalysts compared to monometallic Pt 

 Reduction Temperature (°C) Average Particle Size (nm) 

2Pt/SiO2 550 1.9 

2Pt1Cr/SiO2 550 1.9 

800 2.4 

2Pt3Cr/SiO2 550 2.5 

800 3.3 

2.3.2 In Situ XAS 

The local geometry of the reduced Pt at various stages of particle growth was determined by 

performing in situ XAS at the Pt LIII edge. The change in energy and shape of the XANES is 

characteristic of a change in the Pt coordination environment. Shifts to higher energies are 

observed in 2Pt3Cr/SiO2 with increasing reduction temperature and are consistent with increasing 

amounts of metallic Cr in the nanoparticles (Figure 2.2), as also evidenced in the EXAFS described 

below.  
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Figure 2.2. Pt LIII edge normalized XANES of 2Pt3Cr/SiO2 after reduction at 250°C (blue), 

400°C (green), 550°C (red), 700°C (light blue), 800°C (black) in flowing H2 compared to 

2Pt/SiO2 reduced at 550°C (gray) 

 

A XANES energy shift of 0.1 eV was observed after reduction at 250°C, presumably due to 

the incorporation of some reduced Cr. The XANES energy of 2Pt3Cr/SiO2 increased by 0.3 eV 

and 0.6 eV as the catalyst is reduced at 550°C and 800°C respectively. Larger XANES energy 

shifts are observed in 2Pt3Cr/SiO2 than in 2Pt1Cr/SiO2 at the same reduction temperatures (Figure 

2.3), which suggests that the amount of CrOx available to form bimetallic nanoparticles plays a 

role in the resulting nanoparticle composition. For instance, after reduction at 800°C, the XANES 

energy shifts from 11.5640 keV in monometallic Pt to 11.5644 keV in 2Pt1Cr/SiO2 and 11.5646 

keV in 2Pt3Cr/SiO2.   
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Figure 2.3. The change in XANES energy shift compared to Pt (11.5640 keV) as a function of 

reduction temperature for 2Pt1Cr/SiO2 (red) and 2Pt3Cr/SiO2 (black) 

 

Evidence for the formation of bimetallic nanoparticles was obtained by EXAFS (Figure 4), 

which confirmed the presence of Pt-Cr scatters. The shape of the Fourier transforms, representing 

scattering from Pt neighbors, demonstrates a changing peak ratio in Pt-Cr catalysts after reduction 

at increasing temperatures. The magnitude of the Fourier transform (Figure 2.4a) shows an 

increased intensity of the first peak at ~1.8 Å and decreased intensity of the third peak at ~2.8 Å 

compared to monometallic Pt with increasing reduction temperature to 800°C, where the 

intensities of both peaks are about the same. The addition of Cr also changes the imaginary part of 

the Fourier transform of 2Pt3Cr/SiO2, consistent with the addition of different ratios of metallic 

Cr (Figure 2.4b).  
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Figure 2.4. Pt LIII edge EXAFS A) magnitude and B) imaginary part for 2Pt3Cr/SiO2 after 

reduction at 250°C (blue), 400°C (green), 550°C (red), 700°C (light blue), 800°C (black) in 

flowing H2 compared to 2Pt/SiO2 reduced at 550°C (gray dashed) 

  

The EXAFS were fit to determine the Pt-Pt (CNPt-Pt) and Pt-Cr (CNPt-Cr) coordination number 

and bond distances (Table 2.2). After reduction at 550°C, 2Pt1Cr/SiO2 has a CNPt-Pt of 8.0 and a 

CNPt-Cr of 2.2 or a ratio of Pt-Cr to Pt-Pt neighbors of 0.28. Thus, the nanoparticle is Pt-rich. As 

the reduction temperature increases to 700°C and 800°C, the ratio increases to 0.38 and although 

the nanoparticle is still Pt-rich, at higher reduction temperature the Cr content of the bimetallic 
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nanoparticles increases. The average Pt-Pt (RPt-Pt = 2.73 Å) and Pt-Cr (RPt-Cr = 2.70 Å) bond 

distances in 2Pt1Cr/SiO2 are nearly constant at all reduction temperatures (Table 2.2). 

Similar results were observed for 2Pt3Cr/SiO2. After reduction at 250°C, the CNPt- Cr/CNPt-Pt is 

0.16 and the nanoparticle is Pt-rich. The CNPt- Cr/CNPt-Pt ratio increases to 0.25 and 0.50 after 

reduction at 550°C and 800°C, respectively, which is the maximum ratio observed in these 

catalysts. The average bond distances in 2Pt3Cr/SiO2 are very similar to those in 2Pt1Cr/SiO2 

(Table 2.2).  

 

Table 2.2. Pt LIII edge XAS fitting parameters for 2Pt1Cr/SiO2 and 2Pt3Cr/SiO2 after reduction 

in H2 at successively increasing temperatures. 

Sample Reduction 

Temperature (°C) 

XANES 

energy (keV) 

Scattering 

Path 

CN R 

(Å) 

𝚫𝝈2 

(Å2) 

𝚫Eo 

(eV) 

2Pt/SiO2 550 11.5640 Pt-Pt 10.2 2.76 0.003 -0.4 

2Pt1Cr/SiO2 550 11.5643 Pt-Pt 8.0 2.73 0.004 -1.3 

Pt-Cr 2.2 2.70 0.003 0.9 

700 11.5643 Pt-Pt 8.3 2.73 0.004 -1.3 

Pt-Cr 2.9 2.70 0.003 0.0 

800 11.5644 Pt-Pt 8.4 2.73 0.004 -1.6 

Pt-Cr 3.2 2.71 0.003 -1.6 

2Pt3Cr/SiO2 250 11.5641 Pt-Pt 7.5 2.75 0.006 -0.2 

Pt-Cr 1.2 2.69 0.003 0.7 

400 11.5642 Pt-Pt 8.0 2.74 0.005 -0.2 

Pt-Cr 1.9 2.69 0.003 -1.5 

550 11.5643 Pt-Pt 8.1 2.73 0.004 -1.6 

Pt-Cr 2.4 2.70 0.003 1.1 

700 11.5645 Pt-Pt 7.8 2.73 0.003 -0.8 

Pt-Cr 3.6 2.70 0.003 1.1 

800 11.5646 Pt-Pt 7.9 2.73 0.003 0.5 

Pt-Cr 4.1 2.73 0.003 2.1 

 

In both catalysts, a simultaneous increase in CNPt-Cr and decrease in CNPt-Pt is observed with 

increasing reduction temperature. Reduction at 550°C leads to very similar coordination 

geometries in 2Pt1Cr/SiO2 and 2Pt3Cr/SiO2. Both catalysts are Pt-rich, where the average CNPt-

Cr/CNPt-Pt is about 0.30. As the reduction temperature is increased to 800°C, 2Pt3Cr/SiO2 (CNPt- 

Cr/CNPt-Pt = 0.52) is slightly more Cr rich than 2Pt1Cr/SiO2 (CNPt- Cr/CNPt-Pt = 0.38), consistent with 

a slightly larger XANES energy shift in the former. The larger amount of Cr incorporation in the 

2Pt3Cr/SiO2 is likely due to higher Cr loading.  
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2.3.3 In Situ XRD 

While XAS indicates the formation of bimetallic nanoparticles, in situ synchrotron XRD was 

performed to identify the resulting bimetallic phase. The X-ray energy was 105.715 keV resulting 

in diffraction patterns at low 2 angle, e.g., less than about 8 degrees, compared to laboratory XRD. 

The high flux of the synchrotron XRD gives better signal to noise and the high energy X-rays 

allow for increased sensitivity for heavy scatters, for example, Pt nanoparticles compared to SiO2. 

Finally, the large area detector can be moved to a long distance from the sample to allow for better 

spatial resolution of closely spaced reflections from different phases.27 After reduction at 

temperatures below 550°C, the small nanoparticles (< 3 nm) have broad diffraction peaks, and the 

features are difficult to resolve. In the diffraction pattern of monometallic Pt nanoparticles (FCC 

crystal structure), there are four main reflections representing the (111), (200), (220), and (311) 

planes. With increasing particle size, monometallic Pt results in a slight shift in reflection to 

slightly lower 2θ values due to longer bond distances.28,29 Simulations for known bulk phase Pt-

Cr phases (Pt3Cr, PtCr, and PtCr3) at room temperature are compared to the diffraction patterns of 

the bimetallic catalysts (Figure 2.5).30 Each catalyst’s diffraction pattern at elevated temperature 

of reduction and after cooling to room temperature were nearly identical indicating the identical 

structures. Data is reported at room temperature, where there is less thermal strain. The bimetallic 

catalysts’ diffraction patterns do not match those for the PtCr or PtCr3 phases. However, the near 

proximity of monometallic Pt and Pt3Cr reflection positions make it difficult to distinguish 

between the two phases in small nanoparticles. The shifts in the diffraction could also possibly be 

due to formation of a Pt-Cr randomly ordered solid solution (containing Pt and Cr atoms). Solid 

solutions typically occur in metals that have the same crystal structure; however, Cr has a BCC 

structure and Pt is FCC. The Pt-Cr phase diagram indicates that Cr is insoluble in Pt.30 Finally, 

increasing weight percent compositions of Cr, which is observed by EXAFS, would lead to 

increasing shifts to higher 2 in the diffraction patterns, which is not observed. If these were a 

solid solution between Pt and Cr with compositions from 10-33%, for example, larger shifts in the 

diffraction patterns would have occurred and been easily resolved from Pt. The constant position 

of diffraction peaks with increasing Cr composition are characteristic of two phases and not a solid 

solution phase.   
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Figure 2.5. A) XRD of 2Pt3Cr/SiO2 reduced at 550ºC compared to simulations of Pt-Cr alloy 

structures (X-ray energy = 105.715 keV) B) Unit cells and bulk parameters of possible Pt-Cr 

phases 

 

After reduction at 250°C, 400°C, and 550°C the diffraction patterns are broad, spanning over 

both Pt and Pt3Cr simulation positions (Figure 2.6a). The nanoparticles formed after reduction at 

low temperatures (<550°C) are similar to Pt, but the EXAFS indicates that some Cr is present. As 

the Cr content increases, the Pt reflections decrease slightly while the reflections for Pt3Cr increase 

slightly. The reflections from the two very similar diffraction patterns change in shape with 

increasing Cr content, but not in position, suggesting increasing amounts of the ordered Pt3Cr 

phase.
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Figure 2.6. A) XRD patterns for 2Pt3Cr/SiO2 as the reduction temperature increases compared 

to simulations for Pt (red dotted) and Pt3Cr (blue dotted) with blue * representing super lattice 

diffraction peaks and guidelines for Cr2O3 (black dashed) B) XRD pattern corresponding to 

(111) and (200) planes for 2Pt3Cr/SiO2 after reduction at 700°C and 800°C
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To confirm the Pt3Cr nanoparticle structure, 2Pt3Cr/SiO2 was reduced at higher temperatures 

(700°C and 800°C) in order to produce a full alloy. At the higher reduction temperature, the 

particles also were slightly larger (increasing from 2.5 nm to 3.3 nm) with increased intensities 

and narrower peaks. These slightly larger particles also result in superlattice diffraction peaks or 

features corresponding to lower symmetry crystal planes. The diffraction patterns obtained after 

reduction at higher temperatures are shown in Figure 2.6b. Although reflections are larger after 

reduction at 700°C, Pt and Pt3Cr still cannot be resolved due to the close peak proximity. The 

increasing reduction temperature also led to additional reflections that match the diffraction pattern 

for Cr2O3 (black dashed guidelines). After reduction at 800°C, the larger diffraction peaks (Table 

2.3) and the smaller superlattice diffraction peaks were observed at 2.45°, 3.87°, 4.24°, 5.20° and 

5.48° (indicated by *) confirms the formation of the Pt3Cr structure.31 

 

Table 2.3. Particle size and lattice parameter calculated from (111) plane of experimental XRD 

patterns. 

Sample Reduction 

Temperature (°C) 

dXRD 

(nm) 

a 

(Å) 

RPt-Pt 

(Å) 

Reflections (2θ, °) 

2Pt/SiO2 
550 1.8 3.91 2.77 2.957, 3.396, 4.852, 5.702 

700 2.1 3.92 2.77 2.969, 3.146, 4.844, 5.702 

2Pt1Cr/SiO2 
550 4.3 3.89 2.73 2.999, 3.460, 4.897, 5.749 

700 10.3 3.88 2.73 2.997, 3.460, 4.897, 5.749 

2Pt3Cr/SiO2 

250 1.5 3.89 2.75 2.978, 3.452, 4.871, 5.717 

400 1.8 3.90 2.74 2.978, 3.441, 4.882, 5.740 

550 3.2 3.90 2.74 2.978, 3.447, 4.882, 5.740 

700 12.3 3.88 2.73 2.997, 3.460, 4.895, 5.742 

800 18.1 3.87 2.73 2.997, 3.462, 4.897, 5.745 

 

With increasing reduction temperature, the lattice parameter changes with slight changes in 

particle size and composition (Table 2.3). Particles smaller than 3 nm typically have shorter bond 

distances, which lead to slight lattice parameter contraction.32 In addition, because Cr is a smaller 

element than Pt, a structure formed between these two atoms also decreases the size of the unit 

cell compared to Pt. Pt nanoparticles have a lattice parameter, a, of 3.91 Å. An increase in size of 

Pt nanoparticles results in lattice parameter expansion to slightly larger values (abulk Pt = 3.92 Å), 

while the addition of Cr reduces the lattice parameter of monometallic Pt (abulk Pt3Cr = 3.87 Å). The 

lattice parameter of 2Pt3Cr/SiO2 increased from 3.89 Å after reduction at 250°C to 3.90 Å at 400°C 
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and 550°C. The EXAFS indicates that the nanoparticles have increasing amounts of metallic Cr, 

which should lead to a decreased lattice parameter, however, the lattice parameter increases 

slightly, likely due to increase in particle size and the low Cr levels in the nanoparticles. When the 

nanoparticles are reduced at 700°C and 800°C, although the particles continue to increase slightly 

in size, the lattice parameter decreases to 3.88 Å and 3.87 Å, respectively, consistent with the 

formation of Pt3Cr.  

In summary, at lower reduction temperatures, the diffraction patterns are shifted slightly to 

higher 2, i.e., smaller lattice parameter, due to incorporation of Cr into the bimetallic nanoparticle. 

Although the reflections are broad and asymmetric and the peaks from Pt and Pt3Cr cannot be 

resolved, but the reflection positions and peak shapes are consistent with these two phases. At 

reduction of 800°C, Pt3Cr intermetallic alloy formation is confirmed by XRD. The XRD of 

2Pt1Cr/SiO2 are also very similar to those of 2Pt3Cr/SiO2, although the full Pt3Cr alloy does not 

form on the former even after reduction at 800°C. Thus, 2Pr1Cr/SiO2 forms two phases at all 

reduction temperatures, consistent with the higher Pt-Pt coordination in the EXAFS compared to 

2Pt3Cr/SiO2. 

2.3.4 Catalyst Evaluation: Propane Dehydrogenation 

The catalytic performance of 2Pt1Cr/SiO2 and 2Pt3Cr/SiO2 for propane dehydrogenation was 

compared to monometallic Pt. Because catalysis is a surface phenomenon, any change in the 

surface composition and structure will result in different performance. The conversion and 

selectivity were determined for propane dehydrogenation with 2.5% C3H8, 2.5% H2 with balance 

N2 at 550°C after the catalysts were pre-reduced at 550°C and 800°C. The catalysts were evaluated 

in the presence of H2 since increased hydrogen to hydrocarbon ratio increases the probability for 

hydrogenolysis and is, therefore, a more rigorous test for the dehydrogenation selectivity. Under 

these conditions, propane is converted to predominately propylene, but methane, ethane, and 

ethylene are also formed. The carbon balance for these tests were approximately 100%. 

 The initial propylene selectivity of the catalysts was compared over a range of conversions up 

to about 40% (Figure 2.7). For 2Pt/SiO2 reduced at 550ºC (1.9 nm), at about 10% propane 

conversion, the propylene selectivity was near 80%. The selectivity decreases rapidly with 

increasing conversion, for example, the propylene selectivity was about 50% at 40% propane 

conversion. Reduction of 2Pt/SiO2 at 800ºC, leads to lower selectivity, especially for propane 
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conversions over about 20%. For 2Pt1Cr/SiO2 reduced at 500ºC (1.9 nm) and at 800ºC (2.4 nm), 

the selectivity at any conversion is significantly improved compared to monometallic Pt. However, 

like 2Pt/SiO2, the resulting olefin selectivity decreases with increasing conversion. 

 

 

Figure 2.7. Initial selectivity for Pt-Cr catalysts containing 1wt% Cr (red) and 3 wt% Cr (black) 

in C3H8 dehydrogenation reactions after reduction at 550°C (full) and 800°C (half-full) 

compared to monometallic Pt (gray) with linear fit lines (dashed) in 2.5% C3H8, 2.5% H2 with 

balance N2 

 

On the other hand, very high olefin selectivity (98%) is obtained at all conversions for 

2Pt3Cr/SiO2 reduced at 500ºC (2.7 nm) and 800ºC (3.3 nm) (Table 2.4). The difference in catalyst 

selectivities implies that 2Pt1Cr/SiO2 and 2Pt3Cr/SiO2 have different surface compositions, 

despite their similar EXAFS and XRD characterizations.  
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Table 2.4. C3H8 dehydrogenation was performed at 550°C in 2.5% C3H8, 2.5% H2 balanced in 

N2. 

 Reduction 

Temperatur

e (°C) 

SC3H6 (%) 

at 20% 

Conversion 

Rate 

(molC3H6

/gcat/s) 

Pt 

dispersion** 

TOR 

(1/s)  

Phases 

Present 

2Pt/SiO2 550 74 1.5x10-5 0.20 0.3 
Pt 

800 70 2.1x10-6 0.15 0.1 

2Pt1Cr/SiO2 550 95 3.3x10-5 0.20 0.4 
Pt, Pt3Cr 

800 88 1.8x10-6 0.15 0.1 

2Pt3Cr/SiO2 550 98 8.4x10-5 0.18 0.3 Pt, Pt3Cr 

800 98 1.8x10-6 0.10 0.2 Pt3Cr 

1Cr/SiO2 * 550 97 8.0x10-7 - - 
CrOx 

3Cr/SiO2 * 550 98 2.6x10-7 - - 

*Selectivity reported at 5% conversion 

** Pt dispersion was determined using the Pt-O coordination number of the oxidized XAS spectra 

 

Industrially, both Pt and CrOx are known dehydrogenation catalysts.33–35 The rates per gram of 

Pt (or per g Cr for Cr/SiO2 catalysts) is reported in Table 2.4. The rates of Pt are significantly 

higher than those of Cr oxide implying that Pt is the active site. H2-O2 titration is a standard way 

to determine the fraction of surface Pt. Since these catalysts also contain Cr2O3, which can also be 

oxidized, this method is unreliable for these catalysts. However, the fraction of oxidized Pt can be 

determined by XAS and the Pt-O coordination number can be used to estimate the dispersion and 

calculate a turnover rate (TOR).     

The Pt-O coordination numbers obtained from the oxidized catalysts are given in Table 2.5.  

Fully oxidized Pt nanoparticles has a CNPt-O = 4; thus, the dispersion is obtained by dividing the 

oxidized catalyst’s Pt-O coordination number by 4. This method works well for small 

nanoparticles with a high fraction of surface atoms but become less reliable at sizes above about 

6-8 nm where the Pt-O coordination number is small.  The Pt dispersions are also given in Table 

2.5. Comparison of the TOR’s of the bimetallic Pt-Cr catalysts with those of monometallic Pt 

(Table 2.5) are very similar suggesting that Pt is the active site in the Pt3Cr alloy and that the TOR 

of monometallic Pt is not much different from that in the Pt3Cr alloy. The TOR of Pt3Cr is also 

very similar to those reported for other intermetallic Pt alloys.9,14–16,19  
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Table 2.5. XAS fitting parameters for oxidized 2Pt1Cr/SiO2 and 2Pt3Cr/SiO2 post reduction in H2  

Sample Reduction 

Temperature (°C) 

Scattering 

Path 

CN R 

(Å) 

𝚫𝝈2 

(Å2) 

𝚫Eo 

(eV) 

Pt dispersion  

2Pt1Cr/SiO2 550 Pt-Pt 6.5 2.73 0.004 -0.9 0.20 

Pt-Cr 1.6 2.70 0.003 0.9 

Pt-O 0.8 2.05 0.001 0.7 

700 Pt-Pt 7.5 2.73 0.004 1.4 0.15 

Pt-Cr 2.3 2.70 0.003 -2.0 

Pt-O 0.6 2.05 0.001 1.6 

800 Pt-Pt 7.9 2.73 0.004 1.3 0.15 

Pt-Cr 3.3 2.71 0.003 -1.5 

Pt-O 0.6 2.05 0.001 1.8 

2Pt3Cr/SiO2 250 Pt-Pt 5.8 2.73 0.006 1.4 0.23 

Pt-Cr 0.6 2.69 0.003 2.0 

Pt-O 0.9 2.05 0.001 -0.7 

400 Pt-Pt 6.5 2.74 0.005 0.1 0.20 

Pt-Cr 0.9 2.69 0.003 -2.8 

Pt-O 0.8 2.05 0.001 0.7 

550 Pt-Pt 7.9 2.75 0.004 1.3 0.18 

Pt-Cr 1.8 2.69 0.003 -6.2 

Pt-O 0.7 2.05 0.001 3.0 

700 Pt-Pt 7.4 2.73 0.003 -1.8 0.15 

Pt-Cr 3.2 2.73 0.003 1.0 

Pt-O 0.6 2.05 0.001 6.3 

800 Pt-Pt 7.9 2.73 0.003 -2.0 0.10 

Pt-Cr 3.9 2.73 0.003 -2.0 

Pt-O 0.4 2.05 0.001 0.8 

2.4 Discussion 

Formation of Pt–Cr bimetallic nanoparticles on carbon electrocatalysts has previously been 

reported by Antolini et. al. (2005)31. While improved ORR performance was observed with the 

addition of Cr, this was not correlated to alloy formation. Rather, the activity was suggested to be 

due to the presence of Cr oxides. Similarly, Cui et. al. (2015)36 studied Pt-Cr/C for ORR reactions 

as a function of annealing temperature. It was also suggested that the Pt3Cr phase was formed, but 

only after treatment at 600°C.  

In this study, the combination of XAS and XRD indicated that at reduction temperatures below 

about 700C, the nanoparticles contain two phases (Pt and Pt3Cr). While both 2Pt1Cr/SiO2 and 

2Pt3Cr/SiO2 form bimetallic catalysts with similar average compositions and structures, the 

difference in catalytic selectivity indicate that that the surface compositions are not equivalent. To 
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quantify these differences a surface sensitive characterization is needed. Surface oxidation of the 

nanoparticles was used to determine the Pt dispersion. However, Cr was also oxidized as evidenced 

by the loss of Pt-Cr coordination.37 Since the metallic bonds of the oxidize nanoparticles are 

identical to the particle interior of the reduced sample, the difference spectrum represents those 

bonds only from the surface. For EXAFS, in this difference spectrum (reduced minus oxidized), 

there are surface Pt-Pt, Pt-Cr and Pt-O scatters. This is shown schematically in Figure 2.8. In the 

difference fit, since the oxidized catalysts is subtracted from the reduced spectrum, the Pt-O 

scattering path is -radians out of phase from a normal scattering pair, i.e, a direct EXAFS fit. 

 

 

Figure 2.8. Approach for difference analysis, where reduced Pt-Cr nanoparticles are 

subsequently oxidized, and the raw data is subtracted to isolate the non-oxidized surface 

 

The reduced and oxidized magnitude and imaginary parts for the 2Pt3Cr/SiO2 catalysts are 

shown in Figure 2.9a. The small difference represents the loss of metallic peaks upon oxidation 

and formation of Pt-O bonds. The difference EXAFS is shown if Figure 2.9b. Since the metallic 

peaks that are common to both the reduced and oxidized nanoparticles are removed in the 

difference spectrum, the surface Pt-O and surface Pt-Pt and Pt-Cr are more easily resolved and 

analyzed. The fits of the difference EXAFS are given in Table 2.6. The Pt-O coordination number 
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in the difference fit are consistent with those in the oxidized catalyst. For 2Pt3Cr/SiO2, reduction 

at 250C gives a surface CNPt-Cr/CNPt-Pt ratio of 0.31, which is higher than that of the reduced 

catalyst, 0.16, indicating that the surface is more Cr-rich than the average composition. Also, in a 

Pt3Cr alloy the CNPt-Cr/CNPt-Pt = 0.5; thus, reduction at 250C does not lead to a full Pt3Cr surface 

alloy. For reduction at temperatures above about 400C, however, the CNPt-Cr/CNPt-Pt ratio of about 

0.5 is consistent with full monolayer coverage of Pt3Cr.    
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Figure 2.9. 2Pt3Cr/SiO2 after reduction at 550°C: A) Fourier transform magnitude and 

imaginary components of the reduced and oxidized catalyst B) Difference EXAFS
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Table 2.6. Difference XAS fitting parameters for the surface compositions of 2Pt1Cr/SiO2 and 

2Pt3Cr/SiO2 after reduction in H2 at subsequently increasing temperatures 

Sample Reduction 

Temperature (°C) 

Scattering 

Path 

CN R 

(Å) 

𝚫𝝈2 

(Å2) 

𝚫Eo 

(eV) 

Pt 

dispersion  

2Pt1Cr/SiO2 550 Pt-Pt 1.5 2.75 0.003 -1.0 0.16 

Pt-Cr 0.6 2.71 0.003 3.8 

Pt-O 0.4 2.05 0.001 -3.5 

700 Pt-Pt 1.5 2.75 0.003 -2.9 0.13 

Pt-Cr 0.6 2.68 0.003 -2.8 

Pt-O 0.3 2.05 0.001 -4.3 

2Pt3Cr/SiO2 250 Pt-Pt 1.6 2.74 0.003 2.1 0.22 

Pt-Cr 0.5 2.73 0.003 6.3 

Pt-O 0.6 2.05 0.001 -2.5 

400 Pt-Pt 1.1 2.73 0.003 0.9 0.20 

Pt-Cr 0.5 2.73 0.003 5.6 

Pt-O 0.4 2.05 0.001 -1.7 

550 Pt-Pt 0.9 2.73 0.003 -4.0 0.18 

Pt-Cr 0.5 2.73 0.003 5.1 

Pt-O 0.3 2.05 0.001 -2.7 

700 Pt-Pt 0.7 2.73 0.003 -0.3 0.14 

Pt-Cr 0.5 2.73 0.003 2.0 

Pt-O 0.2 2.05 0.001 -2.8 

 

The surface fits (Table 2.6) also show that the surface of 2Pt1Cr/SiO2 is more Pt-rich than that 

of 2Pt3Cr/SiO2. For example, reduction at 550°C, the CNPt-Cr/CNPt-Pt surface composition is 0.40 

and 0.55 in 2Pt1Cr/SiO2 and 2Pt3Cr/SiO2, respectively. For the former, even at 800°C, the 

difference EXAFS indicates a surface with both monometallic Pt and Pt3Cr in 2Pt1Cr/SiO2. The 

excess surface Pt explains why this catalyst has lower selectivity than that of 2Pt3Cr/SiO2. The 

CNPt-Cr/CNPt-Pt ratios for the reduced, oxidized and surface are given in Table 2.7. 

In 2Pt3Cr/SiO2, after reduction at 250°C, the reduced particle has a CNPt-Cr/CNPt-Pt of 0.16, 

while the surface is 0.31. The particle interior has less Cr than the average composition. Thus, the 

initial Cr is formed at the particle surface. At 250C, the surface composition is not consistent with 

full monolayer of Pt3Cr (CNPt-Cr/CNPt-Pt = 0.5). Increasing the reduction temperature, leads to an 

increase in the CNPt-Cr/CNPt-Pt ratio of the reduced nanoparticle (0.24) and surface (0.45). The 

particle interior is a mixture of Pt and Pt3Cr, while the surface is nearly a complete Pt3Cr monolayer. 

At higher reduction temperatures, the surface is little changed, while the Cr composition of the 

particle interior increases. Above about 700C, the nanoparticles are nearly a full Pt3Cr alloy with 

little remaining monometallic Pt. At 700°C, the surface EXAFS appears to be Cr-rich compared 
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to the Pt3Cr alloy, however, as the particle size increase, the errors in the difference spectrum 

become less reliable. 

In principle, the difference analysis can be applied to the XRD patterns. Direct oxidation of 

the surface leads to the formation of Pt-O and Cr-O, which are amorphous. Although the difference 

XRD pattern of catalysts reduced at low temperatures were narrower, more symmetric and shifted 

slightly to higher angle compared to the reduced pattern, it was not possible to resolve the surface 

structure due to the very similar peak positions of Pt and Pt3Cr. For 2Pt3Cr/SiO2 reduced at 700°C 

and 800°C where the peaks were larger and sharper, the difference XRD was possible. The small 

shifts in the difference XRD were consistent with only the Pt3Cr phase at the surface (Figure 2.10). 

At these high reduction temperatures, the surface and average composition indicate the same Pt3Cr 

structure. 

 

Table 2.7. EXAFS coordination ratios for the reduced (average), oxidized (particle interior), and 

surface of bimetallic Pt-Cr nanoparticles 

  CNPt-Cr/CNPt-Pt 

Sample Reduction Temperature (°C) Average Interior Surface 

2Pt1Cr/SiO2 550 0.28 0.25 0.40 

700 0.35 0.31 0.40 

800 0.38 - - 

2Pt3Cr/SiO2 250 0.16 0.11 0.31 

400 0.24 0.14 0.45 

550 0.30 0.22 0.56 

700 0.46 0.43 0.71 

800 0.52 - - 
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Figure 2.10. A) Diffraction patterns for (111) and (200) peaks after catalyst was reduced (solid) 

and oxidized (dashed). Pt and Pt3Cr simulations at the appropriate lattice parameter of the 

reduced sample are provided for reference B) Difference XRD where the diffraction pattern of 

the oxidized sample is subtracted from that of the reduced
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The catalyst characterizations, e.g., fully reduced, oxidized, and surface, lead to a better 

understanding of the resulting structure of nanoparticles. Both the composition and reduction 

temperature affect the resulting structure and morphology (Figure 2.11). Although the metal oxides 

of Pt and Cr are deposited on the SiO2 surface, the reduction of PtOx is more kinetically favorable 

than Cr2O3, thus, Pt is initially reduced.38–40 Pt activates H2, reducing Cr2O3 at lower temperatures 

than in the absence of Pt.41–44 Small amounts of metallic Cr is incorporated in the initially formed 

Pt nanoparticles as low as 250°C. At this temperature, in 2Pt3Cr/SiO2 the average nanoparticle 

composition has 8 times more Pt than Cr. The surface analysis, however, indicates that the surface 

has more metallic Cr than the reduced nanoparticle, but that a full monolayer has not yet formed. 

In addition, the EXAFS of the particle interior shows little Cr. These analysis are consistent with 

a mechanism of alloy formation where catalytic reduction of nearby Cr2O3 leads to a surface 

alloy.43,45–47 This mechanism is consistent with that reported for 1-PdZn alloy. 

 

 

Figure 2.11. Cr incorporation into Pt nanoparticles in 2Pt1Cr/SiO2 and 2Pt3Cr/SiO2 with 

increasing reduction temperature 

 

The amount of metallic Cr in the nanoparticle increases with increasing reduction temperature, 

but the surface composition remains nearly constant with a structure consistent with Pt3Cr. The 

additional Cr incorporation occurs in the subsurface of the nanoparticles. Cr diffusion continues at 

higher temperature, until a full Pt3Cr intermetallic alloy is formed. To form a Pt3Cr nanoparticle, 
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only about 6% of Cr2O3 in 2Pt3Cr/SiO2 is reduced. Most of the Cr (> 94%) remains oxidized in 

these samples, presumably the Cr oxide that is distant from the Pt nanoparticles. XAS analysis at 

the Cr K edge was not be able to detect the small fraction of metallic Cr. Although there is 

sufficient Cr in the catalyst to form bimetallic nanoparticles with higher content, due to the 

difficulty to reduce Cr oxide on SiO2, Cr-rich phases (PtCr and PtCr3) are not formed even after 

reduction at 800°C.  

At 1 wt% Cr loading, there is still a larger molar excess of Cr than is needed to form a surface 

alloy and even a full Pt3Cr nanoparticles, but a full surface layer of Pt3Cr does not form under any 

reduction condition. This suggests that there is an insufficient amount of CrOx near the Pt 

nanoparticles.  

As the amount of Cr increases, the shift in the XANES energy also increases proportional to 

the amount of Pt3Cr in the nanoparticles, e.g., plotted as the CNPt-Cr /CNPt-Pt (Figure 2.12). For 

Pt3Cr the ratio of 0.5 is a fully alloyed nanoparticle. By fitting the XANES spectra for any catalyst 

with the Pt and Pt3Cr (2Pt3Cr/SiO2 reduced at 800C) XANES, one can determine the fraction of 

each phase. This fraction can also be obtained by using ratios of EXAFS coordination numbers.  
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Figure 2.12. XANES energy shift for 2Pt1Cr/SiO2 (red) and 2Pt3Cr/SiO2 (black) as a function of 

coordination number ratio, where the expected Eo shift (gray dot dash) occurs when CNPt-Cr/CNPt-

Pt=0.5 

 

With the fraction of each phase and the TEM particle size, the shell thickness can be 

approximated. For example, in 2Pt3Cr/SiO2, after reduction at 550°C, CNPt-Pt is 8.1 and CNPt-Cr is 

2.4. Since all Pt-Cr scattering is due to formation of Pt3Cr and the ratio of CNPt-Pt in the alloy is 

twice that for Pt-Cr, the CNPt-Pt in the alloy fraction is 4.8, leaving CNPt-Pt =3.3 in the core. These 

ratios indicate that about 60% (4.8/8.1) of the Pt is present at Pt3Cr and 40% is monometallic Pt.  

This can be visualized in the left portion of Figure 2.13 for 2Pt3Cr/SiO2 after reduction at 550°C, 

where the total particle size was 2.5 nm. Approximating nanoparticles as a sphere (𝑉 =
4

3
𝜋 𝑟3), 

the ratio of the volume of the nanoparticle to the volume of a Pt3Cr unit cell can be used to 

determine the number of atoms in the nanoparticle.  
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Figure 2.13. Sample calculation for shell thickness in Pt3Cr@Pt core-shell nanoparticle after 

reduction at 550°C 

 

The total shell contributes about 0.8 nm, so that the shell thickness is approximately 0.4 nm, 

or about 1.3 atomic layers. The shell thickness estimates for the 2Pt3Cr/SiO2 catalyst at different 

reduction temperatures (Table 2.8). Similar calculations for 2Pt1Cr/SiO2 reduced at 550C give a 

surface fraction of about 0.3 Pt and 0.7 Pt3Cr. This model is based on the average (reduced) and 

surface compositions of the nanoparticles.  

 

Table 2.8. Fraction of Pt3Cr in 2Pt3Cr/SiO2 and 2Pt1Cr/SiO2 as a function of reduction temperature 

Sample Reduction 

Temperature (°C) 

Fraction of Pt3Cr 

(%) 

rshell (nm) # atomic layers in 

Pt3Cr shell 

2Pt1Cr/SiO2 550 37 0.2 0.8 

700 47 0.4 1.3 

800 51 0.5 1.7 

2Pt3Cr/SiO2 250 30 0.1 0.3 

400 42 0.2 0.6 

550 60 0.4 1.3 

700 91 1.0 3.7 

800 100 1.7 6.2 

 

The two Pt-Cr bimetallic catalysts were very similar from their bulk characterization after 

reduction at 550C. Both were bimetallic nanoparticles by XANES and EXAFS with similar 

change in the XANES energy. The XRD patterns were also very similar. However, the EXAFS of 

the difference spectrum of the 2Pt1Cr/SiO2 indicates that a full surface alloy is not formed and 
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about 30% of the surface remains monometallic Pt. This correlates with the lower olefin selectivity 

(88%) compared to 2Pt3Cr/SiO2 (> 97%) which forms a complete monolayer of Pt3Cr intermetallic 

alloy.  

In summary, Pt3Cr bimetallic nanoparticles were synthesized with different Cr loadings, and 

evaluated for their catalytic performance for propane dehydrogenation. While characterization 

methods of the average structure suggested similar morphologies, higher Cr loading displayed 

higher olefin selectivity. Small changes in surface composition were only observed using 

difference XAS and XRD, which showed that the morphology of the catalyst changes with Cr 

content and reduction temperature. The best catalytic performance was observed in nanoparticles 

containing at least a full Pt3Cr surface alloy.  

2.5 Conclusion 

Confirmation of the Pt3Cr structure in these bimetallic catalysts is not enough to understand 

their catalytic performance since several structures and morphologies are possible. In this study, 

Pt-Cr alloys were prepared at increasing reduction temperatures and containing varying amounts 

of Cr. While reduction at high temperatures and higher Cr loading led to the formation of a full 

Pt3Cr alloy, Pt core with Pt3Cr shell nanoparticles were formed at lower temperatures. At lower Cr 

loading, there was insufficient Cr2O3 near Pt nanoparticles to form a complete surface alloy. 

However, the addition of even small amounts of Cr led to improvements in olefin selectivity for 

propane dehydrogenation compared to monometallic Pt.  

XAS and XRD confirms the presence of bimetallic nanoparticles with a two-phase 

composition (Pt and Pt3Cr) but is insufficient to determine the structure of the catalytic surface. 

By analysis of the oxidized catalysts, the structure of the particle interior could be determined. The 

difference spectrum of reduced and oxidized catalysts also allowed for determination of the surface 

composition and structure. The nanoparticles were shown to contain more Cr at the surface than 

at the interior. In addition, from the surface XAS and XRD, the identification of the specific 

intermetallic Pt3Cr phase was more easily determined than in the fully reduced, two-phase (Pt + 

Pt3Cr) nanoparticles. Utilizing these analyses along with the TEM particle size also allows for 

determination of the shell thickness in core-shell bimetallic nanoparticles. 
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 SURFACE STRUCTURE DETERMINATION BY X-RAY 

ABSORPTION SPECTRSCOPY  

3.1 Introduction 

The identification of the geometric and electronic structures of catalysts and their evolution 

under realistic reaction conditions is essential for developing structure-function relations that drive 

catalyst development. This has been enabled with the availability of synchrotron radiation, 

allowing scientists to characterize catalytic nanomaterials under working conditions with control 

of specific reaction conditions (e.g. temperature, pressure, reactor configuration, chemical 

feedstock). X-ray absorption spectroscopy (XAS) has been extensively used in the catalysis 

community to identify the oxidation state and geometric arrangement of atoms. The development 

of a new generation of radiation facilities and sophisticated experimental setups have allowed for 

the precise identification of the structures of working catalysts. This has further been enabled 

through the development of fast scan modes, allowing for the capture of information about key 

reaction intermediates and mechanistic steps in the catalytic cycle.1–4 Many elements of interest in 

catalytic materials have absorption edges in the hard x-ray regime. This allows for a variety of in-

situ sample environments since hard x-rays can penetrate cell windows, gas or liquid reactants, 

support materials, etc. Hence, one can make measurements under realistic reaction conditions and 

detect all atoms in the sample. While XAS measures every atom, which is important for 

understanding the nanoparticle structure, chemical reactions occur at the surfaces of the 

heterogeneous catalysts, which may differ from the average structure.5–12 A precise understanding 

of the surface structures in nanoparticle, therefore, is critical for relating the active site structure to 

catalytic performance.  

There are many excellent books and reviews on the theory and practice of XAS.13–22 Here, a 

method for determination of the surface composition and structure of alloy nanoparticle is 

described with three examples using synchrotron x-ray techniques. In the first, the average 

nanoparticle composition of two catalysts is similar, but their catalytic performance is not. The 

second demonstrates an example where the surface structure is constant, but the structure of the 

subsurface changes with varying the metal loadings. The third example describes the formation of 

bimetallic catalysts with differing composition and average structure, while the catalytic surface 

structure and reaction performance is identical. To assess the changes in the energy of the valence 
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orbitals responsible for catalysis, for example, by resonant inelastic x-ray scattering (RIXS), 

requires that the surface and bulk nanostructures are identical.  

3.2 Surface XAS of Metal Nanoparticle Catalysts: Basic Approach 

In monometallic nanoparticle catalysts, for example Pt, chemisorption of CO or H2 is often 

used to determine the number of surface atoms, i.e., the dispersion. Alternatively, the catalytic 

surface can be selectively oxidized by O2 at room temperature and the dispersion determined by 

re-reduction of the oxidized surface by H2 titration. For many (reduced) nanoparticle catalysts, 

ambient oxidation leads to selective oxidation of the (monolayer) catalytic surface. In the oxidized 

nanoparticle, the interior atoms remain unchanged. For surface EXAFS analysis using hard x-rays, 

the spectrum of the reduced nanoparticle is determined along with the spectrum of the oxidized 

catalyst. Subtraction of the oxidized from the reduced spectra gives a difference EXAFS spectrum 

that allows for determination of the surface structure. Since the interior atoms in both the reduced 

and oxidized nanoparticle are unchanged, these subtract and are not present in the difference 

spectrum leaving only EXAFS from surface atoms. Specifically, there are fewer metallic atoms in 

the oxidized sample, while oxidation also leads to new metal-oxygen bonds. The difference 

spectrum (reduced – oxidized) has metal-metal scattering with phases identical to those in the 

reduced catalyst, while the metal-oxygen bonds are -radians out of phase (due to the subtraction 

process) from a normal scattering pair. As will be demonstrated in the examples, this method works 

well when the fraction of surface atoms is large enough to get a reliable EXAFS in the difference 

spectrum, for example, nanoparticle less than about 5 nm in size where there are greater than about 

20% surface atoms. For nanoparticle larger than about 8 nm, the error in the difference EXAFS fit 

becomes unreliable. The surface EXAFS technique will be demonstrated in the following three 

examples. 

3.3 Case Study 1: Formation of Pt3Cr Surface Alloys 

Pt-Cr bimetallic catalysts show promising performance for propane dehydrogenation with 

propylene selectivity higher than 95% compared to monometallic Pt nanoparticles.23 2%Pt/SiO2 

(denoted 2Pt), 2%Pt-1%Cr/SiO2 (denoted 2Pt-1Cr), and 2%Pt-3%Cr/SiO2 (denoted 2Pt-3Cr) were 

prepared by incipient wetness impregnation, and all catalysts had a similar particle size of about 2 
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nm measured by scanning transmission electron microscope (STEM). Detailed structural 

characaterization and catalytic performance have been previously reported.23 Therefore, only a 

brief summary will be given here to demonstrate why it is necessary to determine the surface 

structure and how it can be done using the surface EXAFS analysis. The propane dehydrogenation 

selectivity of 2Pt shows lower propylene selectivity (75%) than 2Pt-1Cr (95%) and 2Pt-3Cr (98%) 

at ~15% conversion. Additionally, the selectivity of 2Pt and 2Pt1Cr decrease with increasing 

propane conversion; while that of 2Pt3Cr remains little changed at all conversions, Figure 3.1.  

 

 

Figure 3.1. Proplyene selectivity as a function of propane dehydrogenation conversion at 550C, 

2.5% C3H8 and 2.5% H2 (balanced with N2) 

 

The crystalline phases (long-range order) and coordination environment (local structure) of 

2Pt and 2Pt-3Cr was determined using in situ  x-ray diffraction (XRD) and XAS, respectively. The 

XRD pattern of 2Pt-3Cr after reduction at 800C showed that the bimetallic phase was a Pt3Cr 

intermetallic alloy. Under these conditions, the XAS indicated that a Pt has about 8 Pt neighbors 

and 4 Cr neighbors, with a Pt-Cr to Pt-Pt coordination number ratio (CNPt-Cr:Pt-Pt) of 0.5, consistent 

with the Pt3Cr phase (Cu3Au structure type). However, when 2Pt-3Cr was reduced at 550C under 

the conditions of the catalytic reaction, XRD indicates that both Pt and Pt3Cr phases were present. 

The XAS was also consistent with a Pt-rich morphology with the CNPt-Cr:Pt-Pt ratio of about 0.25.  
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For 2Pt-1Cr reduced at 550C, the XRD pattern and EXAFS CNPt-Cr:Pt-Pt ratio and bond distances 

were nearly identical to that of 2Pt-3Cr indicating that both catalysts have very similar average 

structures (Figure 3.2). The catalytic performances, however, suggest some difference in the 

surface compositions.  

 

 

Figure 3.2. EXAFS of Pt-Cr bimetallic nanoparticles containing 1wt% and 3wt% Cr after 

reduction at 550C in 3.5% H2 

 

As discussed above, the difference XAS difference spectrum of the reduced minus oxidized 

catalyst, depicted in Figure 3.3, provides surface sensitive structural information about the two Pt-

Cr catalysts.   
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Figure 3.3. Approach for difference analysis, where reduced Pt-Cr nanoparticles are 

subsequently oxidized, and the EXAFS (chi) data is subtracted to isolate the surface atoms. 

 

Figure 3.4a shows the two Fourier transform of the k2-weighted EXAFS spectra (reduced and 

oxidized) for 2Pt-3Cr after reduction at 550C. Upon room temperature oxidation there is a small 

loss of surface Pt-Pt and Pt-Cr bonds and the formation of Pt-O bonds. Cr-O bonds formed from 

the oxidation of surface chromium in the alloy are not observed at the Pt edge due to the element 

specificity of XAS. While the oxidized spectrum could be fit directly, the small changes and 

overlapping features makes determination of the change in coordination numbers and bond 

distances inaccurate. By subtracting the oxidized from reduced EXAFS spectrum, Figure 3.4b; 

however, the changes in the two catalysts are more readily resolved and can be more accurately 

fit, Table 3.1.  
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Figure 3.4. The k2-weighted Fourier transform of Chi of 2Pt-3Cr after reduction at 550C; A) 

the reduced, oxidized, and B) difference EXAFS
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Table 3.1. Difference EXAFS fits for 2Pt-1Cr and 2Pt-3Cr after reduction at 550C and room 

temperature oxidation 

Catalyst Scattering Path CN R (Å) 

 

2Pt-1Cr 

Pt-Pt 1.5 2.75 

Pt-Cr 0.6 2.71 

Pt-O 0.4 2.05 

 

2Pt-3Cr 

Pt-Pt 0.9 2.73 

Pt-Cr 0.5 2.73 

Pt-O 0.3 2.05 

 

The Pt-Cr to Pt-Pt coordination ratio, CNPt-Cr:Pt-Pt, can be used to determine the Cr 

incorporation into these nanoparticles, Table 3.2. In the average EXAFS fit of 2Pt-3Cr, i.e., the 

reduced catalyst, the CNPt-Cr:Pt-Pt was 0.30, while from the surface EXAFS the ratio is near 0.5, 

consistent with a stoichiometric Pt3Cr intermetallic alloy surface. The oxidized EXAS fit also 

represents the structure of the non-surface atoms in the nanoparticle. Although the surface is a 

Pt3Cr phase, the interior is much more Pt-rich than the surface. The analysis of the surface and 

particle interior also suggest that Cr alloy formation starts at the surface of a reduced Pt 

nanoparticle. 

A similar difference surface EXAFS analysis of the reduced and oxidized 2Pt-1Cr shows that 

the surface CNPt-Cr:Pt-Pt is 0.40 compared to 0.56 for the 2Pt-3Cr catalyst.  In other words, the 

surface of 2Pt-1Cr is Pt-rich suggesting incomplete formation of a surface Pt3Cr monolayer (Table 

3.2), which leads to lower catalytic selectivity. By identifying the surface structures and 

compositions, small changes in the catalytic performance can be explained. For these two catalysts, 

the 2Pt-3Cr had a full monolayer Pt3Cr intermetallic alloy composition; while the surface of the 

2Pt-1Cr was an incomplete monolayer, see schematic in Table 3.2. 
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Table 3.2. The average, interior and surface CNPt-Cr/CNPt-Pt ratios of the reduced, room 

temperature oxidized and difference EXAFS of 2Pt-1Cr and 2Pt-3Cr catalysts. 

 Average Interior Surface Catalyst Structure 

2Pt-1Cr 0.28 0.25 0.40 

 
2Pt-3Cr 0.30 0.22 0.56 

 

 

3.4 Case 2: Identification of Different Alloy Structures in Pt-Co Bimetallic Catalysts 

Bimetallic Pt-Co nanoparticles containing 2 wt% Pt with 0.6 (2Pt-0.6Co), 1 (2Pt-1Co), 2 (2Pt-

2Co), and 4 wt% Co (2Pt-4Co) are compared to a monometallic Pt nanoparticle (3Pt). The 

difference analysis approach to EXAFS was utilized to determine the specific nanoparticle 

morphology (including the surface compositions) for each composition of metals. While all four 

catalyst compositions contained at least a surface layer of Pt3Co, the composition of the core was 

found to change with increasing nominal Co content. At low Co loading, the bimetallic 

nanoparticles form a Pt3Co intermetallic surface alloy with Pt-rich core. With increasing Co 

loading, a full alloy forms where both the surface and nanoparticle compositions are Pt3Co. A 

further increase in Co loading leads to a Co-rich nanoparticle core, likely PtCo, with a surface of 

Pt3Co. Although Pt-Co intermetallic alloys form two different phases and several morphologies, 

the surface structure is similar in all catalysts.10   

The k²-weighted magnitude of the Fourier Transform (FT) of the EXAFS spectra at the Pt L3 

edge show different shapes between the four bimetallic particles and Pt (Figure 3.5 and Table 3.3). 

The shape of the EXAFS spectrum of 2Pt-0.6Co particles is distorted compared to monometallic 

Pt, Figure 3.5. The EXAFS fitting results suggest a 7.3 Pt-Pt bonds at 2.73 Å and 2.5 Pt-Co bonds 

at 2.56 Å. Higher Pt-Pt coordination numbers are consistent with Pt-rich phases.  

As the nominal Co content increases, the number of Pt-Co bonds also increases, though Pt-

rich phases are maintained. For instance, 2Pt-1Co has 4.5 Pt-Pt bonds at 2.73 Å and 2.2 Pt-Co 

bonds at 2.56 Å (Table 3.3). The Pt-Co to Pt-Pt coordination number ratio (CNPt-Co:Pt-Pt) is about 

0.5, which matches the Pt3Co phase. In 2Pt-2Co, (Figure 3.5c and Table 3.3), the number of Pt-Pt 

bonds decreases to 3.0 and the number of Pt-Co bonds increase to 2.9 so that the CNPt-Co:Pt-Pt was 
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about 1.0. This means that 2Pt-2Co contains about equal amounts of Pt-Pt and Pt-Co bonds. With 

increased Co, in 2Pt-4Co the CNPt-Co:Pt-Pt was approximately doubled to 2.0.  

 

 

Figure 3.5. Comparison of EXAFS magnitudes of Pt and Pt-Co catalysts 

 

Table 3.3. Summary of EXAFS Analysis for the reduced bimetallic samples and monometallic 

Pt and Co samples. 

 

The average composition of Pt-Pt and Pt-Co bonds changed with increasing Co content. 

Because these nanoparticles are small (1-2 nm), there is a sufficiently large fraction of surface 

atom and difference XAS can be performed to identify the surface composition. Upon oxidation, 

Sample Bond Bond 

Length (Å) 

CN CNPt-Co:Pt-Pt Phase identified by XRD 

3Pt Pt-Pt 2.75 9.3 0 Pt 

2Pt0.6Co 
Pt-Pt 2.73 7.8 

0.32 
Pt + Pt3Co 

Pt-Co 2.56 2.5 

2Pt1Co 
Pt-Pt 2.73 4.5 

0.49 
Pt3Co 

Pt-Co 2.56 2.2 

2Pt2Co 
Pt-Pt 2.73 3.0 

0.97 
Pt3Co + PtCo 

Pt-Co 2.56 2.9 

2Pt4Co Pt-Pt 2.73 2.5 2.08 Pt3Co + PtCo 
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there are loss of surface Pt-Pt and Pt-Co metallic bonds. The remaining metallic bonds in the 

spectra (Pt-Co and Pt-Pt), therefore, are due to metallic atoms from the nanoparticle interior, i.e. 

the nanoparticle core. Through this, it is possible to evaluate whether the composition is 

homogeneous throughout the particle. In addition, the ratio of Pt-Co to Pt-Pt neighbors can be 

useful to identify the ordered surface structure.  

The reduced, oxidized, and difference spectra of 2Pt-1Co are shown in Figure 3.6. In Figure 

3.6a, the large peaks (solid line between about 2 to 3 Å) of the reduced catalysts represent both Pt-

Pt and Pt-Co bonds. The dotted spectrum in Figure 3.6a shows the oxidized spectrum with loss of 

metallic neighbors and addition of a Pt-O peak at about 1.5 Å (phase uncorrected distance). In 

these bimetallic Pt-Co catalysts, since the fraction of surface atoms is high, there is a significant 

Pt-O peak, which can be fit. In the difference spectrum, any atoms that are unchanged are not 

present in the difference spectrum. Thus, the Pt-Pt, Pt-Co and Pt-O are more easily resolved and 

fit in the difference EXAFS spectra (Figure 3.6b). The fits for the difference EXAFS are shown in 

Table 3.4.
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Figure 3.6. FT magnitude of the EXAFS for 2Pt-1Co at the Pt L3 edge for A) the reduced and 

oxidized spectra and B) the difference spectra 
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Table 3.4. Fitting results for the Fourier transform magnitude for the difference Spectra at the Pt 

L3 edge 

Sample Scattering Path  Bond Distance (Å) CN CNPt-Co/CNPt-Pt 

3Pt Pt-O 2.05 0.9  

Pt-Pt 2.77 2.5 

2Pt0.6Co Pt-O 2.05 0.2  

Pt-Pt 2.73 0.6 0.5 

Pt-Co 2.56 0.3 

2Pt1Co Pt-O 2.05 0.9  

Pt-Pt 2.73 2.1 0.5 

Pt-Co 2.56 1.0 

2Pt2Co Pt-O 2.05 0.9  

Pt-Pt 2.73 2.4 0.5 

Pt-Co 2.56 1.2 

2Pt4Co Pt-O 2.05 0.7  

Pt-Pt 2.73 1.9 0.5 

Pt-Co 2.56 0.9 

 

An unexpected result in Table 3.4 is that the CNPt-Co:Pt-Pt is near 0.5 for all catalysts, despite 

the clear difference in their average and core compositions. This suggests that all catalysts likely 

have the same surface structure, i.e., Pt3Co (structure type AuCu3) with different core compositions 

from Pt-rich to Pt3Co to PtCo.   

3.5 Case 3: Identification of Bimetallic Alloy Compositions Suitable for Determination 

of Electron Changes 

The surface EXAFS analysis is generally applicable to many bimetallic catalysts. While the 

surface alloy composition and structure are important, there are also important electronic changes 

in the energy of the catalytic valence orbitals, which control the metal-reactant bond energies, 

surface coverage and performance. For the row 5 catalytic elements, e.g., Pt, the L2 and L3 edge 

XANES measure the energy of the unfilled 5d orbitals, while resonant inelastic X-ray scattering 

(RIXS), allows for determination of the energy of the filled 5d orbitals, Figure 3.7.24–28  It is the 

energy of the filled 5d orbitals, which is responsible for the catalytic performance. As shown in 

the case studies above, the composition of bimetallic catalysts is often not uniform, and the surface 

can have a different composition from that of the average nanoparticle. Since hard X-rays sample 

all atoms in the catalyst, in order to accurately determine the energy shifts due to catalytic surface, 

one must measure the XANES, or RIXS, on catalysts where the nanoparticle and surface 
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compositions are identical, i.e., a fully alloyed nanoparticle with the same surface and interior 

structure. The following example shows two Pt-V bimetallic alkane dehydrogenation catalysts 

with similar catalytic selectivity and rates but differ in their structure. Determination of the 

nanoparticle and surface structures allows for identification of the catalyst in which all atoms have 

identical geometry and electronic properties allowing for accurate determination of the changes in 

energy of the Pt valence orbitals due to alloy formation with V.28  

 

 

Figure 3.7. RIXS spectroscopy: excitation of the 2p electron to the empty 5d orbitals (XANES 

absorption spectra) and decay to the core hole from the filled 5d state (emission spectrum).  The 

difference in energy of the absorbed () and emitted () photon gives the energy difference 

between filled and unfilled 5d valence orbitals 

 

A 3%Pt/SiO2 catalyst (denoted 3Pt) and two Pt-V/SiO2 catalysts with different Pt loadings, 

2%Pt-5%V/SiO2 (2Pt-5V) and 5%Pt-5%V/SiO2 (5Pt-5V), were synthesized and full 

characterization of the structures and catalytic performance have been recently reported.28  Thus, 

a brief summary is given.  All three catalysts had metal particle sizes of approximately 2.5 nm. 

Both Pt-V catalysts had propylene selectivity above 95% at 20% propane conversion, and 

comparable propylene turnover rates of 0.3±0.1 s-1. The bimetallic structure of the catalyst was 

verified using in-situ EXAS, Figure 3.8. The 3Pt catalyst showed scattering from Pt neighbors, 

with three characteristic peaks between 2-3 Å. The ratio of the three peaks in the 2Pt-5V catalyst 
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is modified due to Pt-V scattering. First shell fits of the two spectra are given in Table 3.5. The 

coordination number ratio of Pt-V to Pt-Pt (CNPt-V:Pt-Pt)for 5Pt-5V was 0.31, while the ratio for 

2Pt-5V was 0.47, demonstrating that 5Pt-5V was Pt-rich compared to 2Pt-5V. The coordination 

number ratio of Pt3V intermetallic alloy is 0.5, suggesting that 2Pt-5V is a full alloy; while 5Pt-5V 

is a phase mixture, i.e., Pt + Pt3V. 

 

 

Figure 3.8. R space EXAFS magnitude (solid lines) and imaginary components (dashed lines) 

for 2Pt-5V/SiO2 (blue) and 3Pt (black) collected after reduction in hydrogen at 550℃. 

 

Table 3.5. XANES energies and EXAFS first shell fitting results (coordination number and bond 

distance) for 3Pt and two Pt-V catalysts reduced at 550C. 

Sample XANES edge energy (keV) Scattering Pair CN R (Å) 

3Pt 11.5640 Pt-Pt 8.8 2.74 

5Pt-5V 11.5642 Pt-Pt 6.5 2.73 

Pt-V 2.0 2.71 

2Pt-5V 11.5644 Pt-Pt 6.2 2.72 

Pt-V 2.9 2.72 
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The nanoparticle surface compositions of 2Pt-5V and 5Pt-5V were determined using the 

difference EXAFS spectra (reduced-oxidized) and are shown in Figure 3.9, and fits are given in 

Table 3.6. Both spectra show Pt-O scattering between 1-2 Å from the surface oxidation process 

and Pt-Pt and Pt-V scattering between 2-3 Å. Fitting the difference spectra and taking the ratio of 

CNPt-V to CNPt-Pt gave a ratio close to 0.5 for both catalysts, which is consistent with their similar 

catalytic performance, and suggests a Pt3V surface structure. While the surface and bulk ratio for 

2Pt-5V were similar, suggesting a pure phase Pt3V nanoparticle, the bulk coordination ratio of 5Pt-

5V was lower than that of the surface suggesting a structure with a  Pt-rich core and a Pt3V shell 

consistent with the XRD. 
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Figure 3.9. Pt EXAFS difference spectra for A) 2Pt-5V B) and 5Pt-5V (magnitude: solid, 

imaginary part: dashed) and difference spectra fit (magnitude fit: solid, imaginary part fit: 

dashed) 
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Table 3.6.  EXAFS fit for Pt-V difference spectra 

Sample Path CN R (Å) CNPt-V/CNPt-Pt 

 

5Pt-5V 

Pt-O 0.6 2.03  

0.58 

 
Pt-Pt 1.2 2.74 

Pt-V 0.7 2.74 

 

2Pt-5V 

Pt-O 0.5 2.05  

0.66 

 
Pt-Pt 0.9 2.70 

Pt-V 0.6 2.72 

 

Consistent with changes in average coordination geometry in the bimetallic Pt-V catalyst, the 

XANES spectra and edge energies shift slightly to higher energy with increasing V content in the 

nanoparticles suggesting changes in the energy of the unfilled Pt 5d orbitals, see Figure 3.10 and 

Table 3.5. For the 5Pt-5V and 2Pt-5V bimetallic catalysts, there is a shift to higher energy, 11.5642 

and 11.5644 keV, respectively, compared to Pt (11.5640 keV); however, edge energy 5Pt-5V is 

the average of atoms in the nanoparticle, Pt3V + Pt, rather than the catalytic surface, i.e., Pt3V. 

Only in the 2Pt-5V is the surface composition and structure the same as the nanoparticle. Thus, 

the true shift in the energy of the empty Pt 5d orbitals between Pt and Pt3V phases is an increase 

of 0.4 eV. Thus, to obtain accurate determination of the electronic properties of the catalytic 

surface, i.e., the Pt3V phase, one not only has to determine the nanoparticle composition, but also 

confirm that the surface and bulk are the same.
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Figure 3.10. A) In-situ Pt L3 edge XANES from 11.54 to 11.58 keV of 3Pt (Black), 2Pt-5V (red) 

and 5Pt-5V; spectra were collected at room temperature in He after reduction at 550°C in 3.5% 

H2 B) inset showing shorter energy range to illustrate shift in XANES energy with Pt/V ratio
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Since the average and surface EXAFS of 2Pt-5V indicate a full Pt3V intermetallic alloy, the 

RIXS spectrum was obtained and compared to that of Pt, Figure 3.11. The energy transfer is the 

difference in energy between the absorbed (XANES) and emitted photon. When the energy 

transfer is combined with the XANES energy, the energy of the filled 5d orbitals, which are 

responsible for adsorbate bonding and surface chemistry, can be determined.  For Pt, the energy 

transfer value is 2.7 eV.  For Pt3V, the energy transfer value is larger, 3.5 eV. The energy separation 

between the filled and unfilled states in Pt3V is 0.8 eV larger than Pt, which can be separated into 

a 0.4 eV increase in the energy of the unfilled states and a 0.4 eV decrease in the energy of the 

filled 5d states relative to Pt. These values in Pt 5d orbital energies reflect the true nature of the 

electronic changes due to alloy and, thus, are comparable with density functional theory (DFT) 

calculations and essential for understanding of the catalytic properties. 
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Figure 3.11. A) Pt L3-Lβ5 RIXS maps of 3Pt and B) 2Pt-5V (Pt3V). Spectra were collected after 

a reduction treatment at 550°C in 3.5% H2. Horizontal dashed lines denote the maximum of 

energy transfer (difference in the absorbed and emitted photons) for each catalyst. 

3.6 Summary 

Bimetallic nanoparticles often have complex morphologies where the average and surface 

structures differ significantly. In the examples highlighted in this paper, a method is presented with 

allows for determination of the surface even though hard X-rays sample all atoms in the 
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nanoparticle. The difference XAS approach relies on the selective oxidation of surface atoms.  For 

particle sizes of less than about 5 nm, there is a sufficient fraction of surface atoms to provide 

accurate surface analysis. As demonstrated for the bimetallic Pt-V catalysts, for example, the small 

difference in diffraction patterns makes identification of the alloy structure, or solid solutions 

difficult, especially for small nanoparticles where the peaks are small, broad, and can overlap. The 

surface EXAFS coordination ratio can be useful for assignment of possible surface structures or, 

at least, can eliminate some structures, which are not consistent with the fits. While these examples 

focused on differences in structure resulting from different compositions, this method is equally 

applicable to the surface composition under reaction conditions including changes due to the 

reacting gases, deactivation, or poisoning. This method is also useful for determination of surface 

and interior compositions under synthesis and pre-treatment conditions, which allow for 

determination of the mechanisms of formation and optimization of better performing catalysts.   
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 OLIGOMERIZATION ON MAIN GROUP GA3+ AND ZN2+ SINGLE 

SITE CATALYSTS  

4.1 Introduction 

Olefin oligomerization to produce higher molecular weight olefins was commercialized in the 

1960’s and often utilizes homogeneous, transition metal catalysts containing Cr3+ and Ni2+.1–3 Such 

homogeneous catalysts require chemical activators, which often inhibit regenerability and lead to 

thermal instability. Consequently, in order to obtain a high selectivity for linear alpha-olefins (1-

butene and 1-hexene), mild reaction temperatures ranging from 30°C-170°C are generally 

utilized.4–6 High pressures of at least 27 atm (400 psig) are required to obtain high olefin 

conversion. Homogenous Ni2+ catalysts offer high oligomerization rates, and the selectivity is 

often tailored to favor low molecular weight products, such as linear alpha olefins, useful for 

polymer applications.7–9 Commercial processes utilizing Ni-based homogeneous catalysts include 

the Shell Higher Olefins and Paraffins (SHOP) and UOP Linear-1 processes.1,7,10 BASF, 

Commonweath Scientific, Phillips, and the Tokyo Institute also utilize similar catalysts and 

reaction conditions.11  

For homogenous Ni catalysts, the Cossee-Arlman reaction mechanism (Figure 4.1) is 

generally accepted, which indicates that in the catalytic cycle Ni-alkyl and hydrides are key 

reaction intermediates, and olefin insertion and β-hydride elimination are the key elementary 

reaction steps. 12,13  Activation and initiation of the catalytic cycle often occurs by alkyl transfer 

from an Al-alkyl co-catalyst to the Ni complex. Molecular weight growth occurs by olefin insertion. 

β-hydride elimination of the longer metal-alkyl leads to the olefin products plus formation of a 

metal-hydride intermediate. Ethylene insertion to the metal hydride regenerates the metal alkyl 

intermediate completing the catalytic cycle.  
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Figure 4.1. Cossee-Arlman homogeneous Ni-based oligomerization mechanism14 

 

Separation and regeneration of homogenous catalysts is generally not possible, thus there is 

interest in development of heterogeneous transition metal catalysts. The latter include Ni2+ sites 

on zeolite (BEA, MFI), or mesoporous (MCM-41) or amorphous silica (SiO2) and other high 

surface area oxide supports.9,15–20 Generally, heterogeneous catalysts suffer from lower rates than 

homogenous catalysts requiring higher reaction temperatures, which also leads to poor selectivity 

for alpha-olefins. Like homogenous catalysts, supported Ni oligomerization catalysts have a high 

selectivity to low molecular weight products. The butene products, however, are often mixture of 

linear olefins with an equilibrium distribution of 1-butene, cis-2-butene and trans-2-butene. The 

Cossee-Arlman reaction mechanism is also thought to occur on heterogeneous catalsyts,15 and 

while supported by DFT calculations, spectroscopic evidence for the reaction intermediates (metal 

hydrides and metal alkyls) is limited.16  

While the linear alpha-olefins, mainly 1-butene and 1-hexane, formed during ethylene 

oligomerization on Ni-based catalysts are utilized as comonomers in the production of 

polyethylene, the production of fuel range (C10-C16) hydrocarbons, which have a high cetane index 

and would be sustainable for blending into distillate fuels, requires higher molecular weight 

hydrocarbons.18,21 Conversion of the light alkanes in abundant US shale gas liquids, for example, 
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to olefins followed by oligomerization (and saturation) to diesel range products could lead to new 

processes for premium diesel fuels. This, however, requires the development of new 

oligomerization catalysts capable of higher selectivity towards higher molecular weight products 

that are atypical of Ni2+ catalysts. 

While main group elements have not been reported for oligomerization, silica-supported, 

single site Ga3+ and Zn2+ were reported for alkane dehydrogenation and olefin hydrogenation.22–26 

For these reactions (dehydrogenation, hydrogenation, and oligomerization), metal hydride and 

alkyl intermediates, olefin insertion, and -hydride elimination elementary steps were proposed in 

these reaction pathways. Here, we report that silica-supported, single site Ga3+ and Zn2+ catalysts 

are also active for olefin oligomerization. While low rates are obtained at 250°C and 1 atm, higher 

rates can be achieved at higher olefin pressures. In addition, for heterogeneous catalysts, initiation 

of the catalytic cycle also requires heterolytic C-H bond dissociation.  

4.2 Materials and Methods 

4.2.1 Catalyst Preparation 

Single site Ga/SiO2 and Zn/SiO2 were prepared following the procedures previously reported 

in literature, using standard catalyst synthesis techniques, and compared to a Ni/SiO2 control.23,24,27  

Ga/SiO2 was synthesized with a chelating agent to prevent the formation of Ga2O3 using pH-

controlled incipient wetness impregnation (IWI). 10 g of Davisil silica with grade 636 (pore size 

= 60 Å, surface area = 480 m2/g) was impregnated with an aqueous solution containing 1.5 g of 

gallium nitrate solution (Ga(NO3)3 xH2O, Fluka chemical) and 1.5 g of citric acid (Sigma Aldrich) 

dissolved in Millipore water. The catalyst was dried for 16 hours at 125°C and then calcined at 

500°C for 3 hours. Atomic absorption spectroscopy (AAS) was used to determine that the final 

catalyst contained approximately 2.6 wt% Ga. 

Zn/SiO2 was synthesized using pH-controlled strong electrostatic adsorption (SEA). A 

solution containing 2.5 g of zinc nitrate hexahydrate (Zn(NO3)2 6H2O, Sigma Aldrich) was made 

and the pH was adjusted to 11 using 30% ammonium hydroxide (NH4OH) solution, until a clear 

solution was obtained. 10 g of Davisil silica was suspended 100 mL of Millipore water in a separate 

beaker and the pH was adjusted to 11 using NH4OH. The Zn solution was added rapidly to the 

SiO2 solution and stirred for 20 minutes. After the solid was settled, the solution was decanted, 
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and the resulting slurry was washed with Millipore water and collected by vacuum filtration. The 

catalyst was dried for 16 hours at 125°C and then calcined at 300°C for 3 hours. AAS was used to 

determine that the final catalyst contained approximately 4.0 wt% Zn.  

Ni/SiO2 was prepared by pH-controlled SEA. A solution containing 3.0 g of nickel nitrate 

hexahydrate (Ni(NO3)2 6H2O) was prepared and the pH was adjusted to 11 using 30% NH4OH 

solution until a clear blue solution was obtained. 10 g of Davisil silica was added to the solution 

and the suspension was stirred for 20 minutes. At the end of the reaction, additional NH4OH was 

added to the solution to maintain a pH of 11. The suspension was stirred for another 10 minutes 

before being filtered and the catalyst was recovered. The catalyst was dried for 16 hours at 125°C 

and then calcined at 300°C for 3 hours. AAS was used to determine that the final catalyst contained 

approximately 3.1 wt% Ni.  

4.2.2 In Situ X-Ray Absorption Spectroscopy (XAS) 

In-situ XAS was performed at the Ga K (10.3670 keV), Zn K (9.659 keV), and Ni K (8.333 

keV) edges at the 10-BM sector at the Advanced Photon Source at Argonne National Laboratory 

using transmission mode with scan ranges from 250 keV below the edge to 800 keV above the 

edge. At the Ga K edge, the samples were calibrated to Ga2O3 (10.3751 keV). Samples were 

pressed into a stainless-steel sample holder and placed in a quartz-tube sample cell with gas flow 

capabilities. The structure of each catalyst was studied after dehydration at 550°C in He. The 

sample cell was cooled to room temperature and scanned. The resulting structure of each was 

compared to known references including Ga acetylacetonate (Ga(AcAc)3), Ga oxide (Ga2O3), Zn 

oxide (ZnO), and Ni oxide (NiO) to confirm the oxidation state and coordination environment (i.e. 

coordination number and bond distance). The data was processed using the WinXAS v.3.1 

software48 to find the coordination number and bond distance using standard procedures. Feff6 

calculations were performed using Ga2O3 (50% at CN=4, R=1.83 Å and 50% CN=6 at 2.00 Å), 

ZnO (CN=4, R=1.98 Å), and NiO (CN=6, R=2.09 Å) respectively for reference. A least squared 

fit for the first shell of r-space and isolated q-space were performed on the k2 weighted Fourier 

transform data over the range of 2.7 to 10 Å-1 in each spectrum to fit the magnitude and imaginary 

components. 

An understanding of reactive intermediates was obtained on Ga/SiO2 and Zn/SiO2 using in 

situ XAS. A furnace was placed on the beamline around the sample cell to allow for structural 
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measurements at high temperature. Data was continuously collected as the temperature ramped in 

pure H2 to 550°C. Once the structure was stabilized (i.e. the resulting XAS spectra remained 

unchanged), the cell was cooled to 250°C in pure H2 while scanning continuously. When the 

structure was stabilized, the temperature was held constant at 250°C and the gas flow was switched 

from pure H2 to pure C2H4. Measurements in He were also obtained at 250°C and 550°C. The 

XANES were used to determine the oxidation state and geometry while select EXAFS spectra 

were used to determine the coordination number and bond distances of the M-O bonds (M = Ga, 

Zn). 

4.2.3 H2/D2 Isotope Exchange 

To confirm the formation of the metal hydride intermediates and count the number of active 

metal hydride sites that form, a H2/D2 isotopic exchange experiment was performed using a 

Micromeritics Autochem II 2920 chemisorption analyzer, equipped with a residual gas analyzer 

(RGA). Calibrations for the H2, D2, and HD signal were performed in a bypass line while the 

sample was being dehydrated at 500°C in inert gas. For the HD calibration, two separate gas 

mixtures containing 5% H2/95% Ar and 5% D2/95% Ar were combined in different relative 

amounts in a bypass line to measure initial feed H2/D2 in balance Ar compositions. Samples were 

loaded into a quartz U-tube reactor and treated in flowing air for dehydration at 500°C before being 

cooled to 250°C. The sample was exposed to 5% H2/Ar for 1 hour and then switched to 5% D2/Ar 

while the signals for H2, D2 and HD were recorded on the RGA. During this time, the H2 signal 

returned to its baseline, the D2 signal increased to its feed value, and the HD signal increased 

immediately and decreased with time as D2 reacted with H atoms in metal hydrides to form HD 

and metal deuterides. Once the HD signal reached baseline values, the gas flow was switched from 

5% D2/Ar to 5% H2/Ar to quantify the HD formed in the reverse isotopic exchange experiment, 

and this was repeated for a total of four switches and averaged to estimate the number of metal-

hydride sites present. 

H2/D2 isotopic exchange in a temperature programmed surface reaction (TPSR) was 

performed to identify the number of different metal specific in a catalyst. First, the catalyst was 

dehydrated at 500°C treated in air for 2 h. Then, the sample was cooled to 450°C in air. The catalyst 

was treated in 5% H2/95% Ar at 450°C for 2 h. The temperature was cooled to ambient in 5% 
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H2/95% Ar. Then, 5% H2/95% Ar was switched to 5% D2/95% Ar and the temperature was 

increased from 35 to 900°C.  

4.2.4 Transmission Infrared Spectroscopy (FTIR) 

Infrared (IR) spectra were collected using a Nicolet 4700 spectrometer with a Hg-Cd-Te 

detector (MCT, maintained at -196 °C by liquid N2). Each spectrum represents the average of 64 

scans at 2 cm-1 resolution from 4000 to 400 cm-1 and were taken using an empty cell background 

reference (30 °C) collected under dynamic vacuum (rotary vane rough pump, Alcatel 2008A, 

<0.01 kPa). In a typical experiment, 0.02-0.04 g cm-2 of sample were pressed into self-supporting 

wafers of Ga/SiO2 and held in a custom-built quartz IR cell with CaF2 windows. IR cells were 

inserted into a mineral-insulated heating coil (ARi Industries) contained within an alumina silicate 

ceramic chamber (Purdue Research Machining Services). The quartz IR cell was connected to a 

glass vacuum manifold that was used for sample pretreatment and exposure to gas-phase, pure 

ethylene. When the Ga/SiO2 sample was loaded, it was dehydrated in He at 550°C for 2 h and a 

spectrum of the dehydrated sample was obtained. Then, the catalyst was cooled to ambient 

temperature and exposed to pure H2. The temperature was ramped to 550°C in pure H2 at a rate of 

10°C/min while spectra were collected every 5 minutes. The temperature was held at 550°C in 

pure H2 for 1 h and then cooled to ambient temperature. The gas was switched to pure C2H4 and 

the temperature was ramped at 10°C/min to 250°C, while collecting spectra every 5 minutes. The 

temperature was held at 250°C for 2 h. A second Ga/SiO2 wafer was prepared and dehydrated 

using the same method as detailed above. The catalyst was cooled to ambient temperature and 

exposed directly to pure C2H4. The temperature was ramped at 10°C/min to 250°C while collecting 

spectra every 5 minutes, and the C2H4 treated sample spectra were compared the sample with and 

without H2 pretreatment. IR spectra reported here were baseline corrected, and the spectra shown 

are difference spectra with that of the dehydrated catalyst subtracted from those of the treated 

catalysts.  

4.2.5 Density Functional Theory (DFT) 

Ga/SiO2 systems are based on a recently developed amorphous silica model using molecular 

dynamics and continuous dehydration processes.49 A periodic amorphous silica model (21.6 Å × 
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21.6 Å × 34.5 Å; 372 atoms) was used to analyze the energetics of ethylene oligomerization. Ga 

sites were generated by substituting -Si atoms with a consideration of charge balance. All DFT 

calculations are performed with self-consistent and periodic density function theory using Vienna 

Ab-initio Simulation Package (VASP). The BEEF-vdw exchange-correlation function using 

projector augmented wave (PAW) pseudopotentials was used. A dipole correction was applied 

parallel to the plane of the slab to reduce image−image interaction errors. A cutoff energy of 400 

eV was considered with a force-convergence criterion of 20 meV Å-1. The activation barriers were 

calculated using nudged elastic band method, and the transition states are located using dimer 

method. 

4.2.6 Catalyst Evaluation: Propane Dehydrogenation and Propylene Hydrogenation 

Catalyst performance tests for hydrogenation and dehydrogenation were performed in a fixed 

bed reactor with a quartz reactor tube of 3/8-inch outer diameter. Dehydrogenation was performed 

in 3% C3H8 and 2% H2 balanced in N2 at 550°C on 1 g of catalyst using varying total flow rates of 

the same gas composition ranging from 41 ccm to 165 ccm to vary conversion (GHSV = 0.32 s-1 

– 1.28 s-1). Before each dehydrogenation test, the catalyst was pretreated in flowing N2 while the 

temperature ramped to 550°C. The temperature was stabilized for 1 hour prior to starting the 

reaction.   

Hydrogenation was performed in 1% C3H6, 3% H2, balanced with N2 at 200°C on 250 mg of 

catalyst diluted to 1 g with silica using a total flow rate of 104 ccm (GHSV = 0.81 s-1). Before each 

hydrogenation test, the catalysts were pretreated using one of the following pretreatments: 1) 

ramped to 200°C in flowing N2, 2) ramped to 200°C in flowing H2, or 3) ramped to 550°C in 

flowing H2 and then cooled to 200°C for the reaction. In each case, the temperature was stabilized 

for 1 hour prior to starting the reaction.  

Dehydrogenation and hydrogenation products were analyzed with a Hewlett Packard (HP) 

6890 Series gas chromatograph (GC) using a flame ionization detector (FID) with a Restek Rt-

Alumina Bond/Na2SO4 GC column (30 m in length, 0.32 mm inner diameter, and 0.5 µm film 

thickness). 
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4.2.7 Catalyst Evaluation: Olefin Oligomerization 

Oligomerization tests were performed at atmospheric pressure in pure ethylene or pure 

propylene using a fixed bed reactor of 3/8-inch outer diameter. The weight of catalyst loaded into 

the reactor ranged from 0.5 g to 1 g and was diluted with silica to reach a total of 1 g. The catalyst 

was treated in 50 ccm of N2 while it ramped to 250°C for the reaction. The reaction was performed 

in 100% C2H4 using GHSVs ranging from 0.08 s-1 to 0.38 s-1. Products from the atmospheric 

pressure reactor were analyzed with a Hewlett Packard (HP) 6890 Series gas chromatograph (GC) 

using a flame ionization detector (FID) with an Agilent HP-Al/S column (25 m in length, 0.32 mm 

inner diameter, and 8 µm film thickness).  

To increase the conversion, oligomerization was performed in a high-pressure-capable, fixed 

bed reactor of 1/2-inch outer diameter. 2 g of catalyst was loading into the reactor. The reactor was 

pressurized to 450 psig (30.6 atm) and the catalyst was treated in 50 ccm of N2 while it ramped to 

250°C for the reaction. The reaction was performed in a mixture of 10 ccm 5% CH4/N2 for an 

internal standard and 50 ccm 100% C2H4 at a total pressure of 450 psig. Products were analyzed 

with a Hewlett Packard (HP) 7890 Series gas chromatograph (GC) using a flame ionization 

detector (FID) with an Agilent HP-1 column (60 m in length, 0.32 mm inner diameter, and 25 µm 

film thickness). 

4.3 Results 

4.3.1 Catalyst Preparation 

Silica supported Ga and Zn single site catalysts were prepared using previously published 

synthesis methods.23,24 Ga/SiO2 was prepared by impregnation using a citric acid chelating agent. 

Zn/SiO2 was prepared using strong electrostatic absorption (SEA). All solutions were pH adjusted 

to 11. Due to the slightly acidic nature hydroxyl groups on groups on SiO2, at high pH 

deprotonation of the SiOH groups leads to a negative surface charge. This allows a strong 

interaction between the cationic ligands and the negative surface, resulting in homogeneously 

dispersed metal ions on the SiO2 surface. Ni/SiO2 was prepared using a similar procedure to that 

of Zn/SiO2. Atomic absorption spectroscopy revealed that the metal content was 2.6 wt%, 4.1 wt%, 

and 3.1 wt% metal for Ga/SiO2, Zn/SiO2, and Ni/SiO2 respectively.   
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 To confirm that the catalysts were consistent with those previously reported, their initial 

structures were determined by XAS, and the turnover rates (TOR) for olefin hydrogenation and 

alkane dehydrogenation were determined.  

4.3.2 Catalytic Structure Characterization 

The pre-reaction catalyst structure was determined by in situ x-ray absorption spectroscopy 

(XAS), including both XANES and EXAFS on Ga/SiO2 and Zn/SiO2 and compared to that of 

Ni/SiO2. The catalysts were dehydrated at 550°C in He and compared to known reference 

compounds at each metal edge (Figure 4.2). The EXAFS fits of each catalyst are given in Table 

4.1. 
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Figure 4.2. XAS of dehydrated catalyst structures for Ni/SiO2 (A-B), Ga/SiO2 (C-D), and 

Zn/SiO2 (E-F) 
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Table 4.1. EXAFS fits of the as-prepared structures of Ni/SiO2, Ga/SiO2, and Zn/SiO2 after 

dehydration at 550°C in He compared to bulk references at each edge 

Sample Pre-edge 

Energy 

(keV) 

XANES 

Energy 

(keV) 

Scattering 

Path 

CN R (Å) 𝚫𝝈2 

(Å2) 

𝚫Eo 

(eV) 

 

NiO 8.3335 8.3410 Ni-O 6.0 2.09 - - Ni2+ 

(Oh) 

Ni/SiO2 8.3331 8.3421 Ni-O 4.0 2.03 0.006 -1.3 Ni2+ 

(Td) 

Ga2O3 - 10.3751 Ga-O 3.0 2.00 - - Ga3+ 

(Td+Oh) 2.0 1.83 - - 

Ga(AcAc)3 - 10.3793 Ga-O 6.0 1.93 - - Ga3+ 

(Oh) 

Ga/SiO2 - 10.3751 Ga-O 4.0 1.81 0.006 -2.2 Ga3+ 

(Td) 

ZnO - 9.6625 Zn-O 4.0 1.98 - - Zn2+ 

(Td) 

Zn/SiO2 - 9.6628 Zn-O 4.0 1.95 0.006 -0.6 Zn2+ 

(Td) 

* NiO, Ga2O3, Ga(AcAc)3, and ZnO are references of known structures 

 

The XANES was used to determine the oxidation state of each catalyst, while the EXAFS was 

used to identify the coordination environments prior to any catalytic treatment. On Ni/SiO2, the Ni 

K-edge XANES pre-edge energy (8.3331 keV) is slightly lower than that of NiO (8.3335 keV) 

(Figure 4.2a). The NiO XANES is consistent with Ni2+ in an octahedral coordination, while the 

pre-edge energy of the former is consistent with Ni2+ in s tetrahedral geometry.27 The first shell 

EXAFS fit of Ni/SiO2 has 4 Ni-O bonds at 2.03 Å, while NiO has Ni-O bonds at 2.09 Å (Figure 

4.2b). The EXAFS Ni/SiO2 and is consistent with the single site Ni2+ catalyst previously 

reported.15,16,27  

Since Ga/SiO2 and Zn/SiO2 have d10-electron configuration, there is no pre-edge feature in the 

XANES region. The XANES energy relative to known references was used to identify the 

oxidation state of each catalyst. The XANES energy of  Ga3+ is also dependent on the coordination 

geometry22,29. Tetrahedral (Td) Ga3+ (10.3745 keV) has a XANES energy, lower than that in 

octahedral (Oh) coordination (10.3793 keV). Ga2O3 has 50% Td and 50% Oh Ga3+.30 Since the 

edge energy of Td is lower than Oh Ga3+, the XANES of Ga2O3 is 10.3751 keV, (Figure 4.2c).  

The XANES energy of Ga(AcAc)3, Oh Ga3+ is 10.3765 keV. The XANES energy (10.3751 keV) 

of Ga/SiO2 is consistent with Td Ga3+.  
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The Ga coordination geometry also affects the Ga-O bond distance.  The bond distance of Ga-

O in a Td Ga compound is about 1.83 Å; while in Oh compounds Ga-O bonds are longer, about 

1.90-2.00 Å.30 The k2-weighted magnitude of the EXAFS of Ga/SiO2 is lower than that of 

Ga(AcAc)3 (6 Ga-O at 1.93 Å) (Figure 4.2d). The fit of Ga/SiO2 EXAFS, Table 4.1, indicates 

about 4 Ga-O bonds at 1.81 Å, both consistent with Td Ga3+. The absence of Ga-O-Ga bonds also 

suggests isolated Ga3+ bound to the support. 

Similarly, the XANES energy for Zn/SiO2 (9.6628 keV) is similar to that of ZnO (9.6625 keV) 

(Figure 4.2e) consistent with Zn2+ oxidation state. The magnitude of the k2-weighted EXAFS of 

Zn/SiO2 has 4 Zn-O bonds at 1.96 Å and is also similar to ZnO (4 Zn-O at 1.98 Å). The absence 

of Zn-O-Zn higher shell coordination in the catalyst, however, suggests a single site Zn2+ structure.  

In summary, Ga/SiO2 and Zn/SiO2 have a similar structure to Ni/SiO2, i.e., each has 4 M-O 

bonds with no evidence of M-O-M higher shell bonds (M = Ni, Ga, Zn).  These results are 

consistent with previous single site structures reported for Ga3+, Zn2+ and Ni2+ hydrogenation and 

dehydrogenation catalysts.23,24,31,32  

4.3.3 Propane Dehydrogenation and Propylene Hydrogenation 

Catalytic performance for dehydrogenation and hydrogenation on single site Ga/SiO2 and 

Zn/SiO2 have been previously reported.24,29 Since the proposed elementary steps and reaction 

intermediates for these reactions are similar to those required for oligomerization, catalytic 

performance of these catalysts and reactions was determined and compared to previous 

literature.24,29 The turnover rate and selectivity for C3H8 dehydrogenation was determined with and 

without H2 cofeed. Dehydrogenation in the presence of H2 is a more rigorous way to test for 

selective performance towards the production of C3H6. Both Ga/SiO2 and Zn/SiO2 were highly 

selective towards olefins (> 95%) up to 20% conversion, even in the presence of H2. High C3H6 

selectivity was maintained as a function of conversion. In addition, the catalysts were stable under 

reaction conditions at 550°C for over 6 hours. The turnover rates (TOR) for each catalyst were 

calculated by normalizing the amount of C3H6 production by the moles of metal on the surface of 

the catalyst (2.6% for Ga/SiO2 and 4.0% for Zn/SiO2). The TOR is shown for 10% conversion 

(Table 4.2).  
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Table 4.2. Initial selectivity and TOR for Ga/SiO2 and Zn/SiO2 at 10% conversion during 

propane dehydrogenation performed at 550°C in 3% C3H8 and 2% H2 

 Without H2 With H2 

 Initial Selectivity (%) TOR (1/s) Initial Selectivity (%) TOR (1/h) 

Ga/SiO2 97 2.1 98 1.6 

Zn/SiO2 99 1.9 99 2.1 

 

The TOR on Ga/SiO2 and Zn/SiO2 are of the same order of magnitude, and co-feeding H2 

does not significantly change the TOR during dehydrogenation. These results are consistent with 

what has previously been reported.24,29  

Both catalysts also perform the microscopic reverse reaction of propane dehydrogenation 

(propylene hydrogenation) at lower reaction temperatures. Propane was the only product 

indicating few side reactions occurred at 200°C. The influence of H2 pretreatment on C3H6 

hydrogenation activity at 200°C was explored to demonstrate how the catalysts behave in the 

presence of H2 (Table 4.3).  

 

Table 4.3. Initial TORs for Ga/SiO2 and Zn/SiO2 at 15% conversion during propylene 

hydrogenation performed at 200°C in 1% C3H6 and 3% H2 after treatment various pretreatments 

Pretreatment Ga/SiO2: Initial TOR (1/s)  Zn/SiO2: Initial TOR (1/h) 

200°C N2 0.3 0.8 

200°C H2 2.5 1.7 

550°C H2 2.1 2.4 
 

The initial TOR of the catalysts treated in H2 at 200°C and 550°C was compared to that of the 

dehydrated catalyst (200°C N2). Pretreatment in H2 leads to higher initial TOR than what was 

achieved on the dehydrated catalyst. However, after approximately 30 minutes, the TOR for all 

pretreatment conditions stabilized to approximately the same value.  

4.3.4 Olefin Oligomerization 

Like the structural characterizations, the catalytic rates and selectivities for propane 

dehydrogenation and propylene hydrogenation of these Ga/SiO2 and Zn/SiO2 catalysts are very 

similar to reported performance, reaction intermediates and elementary reaction steps suggesting 

that these may also be catalytic for olefin oligomerization. 
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At 1 atm and varying space velocities of C2H4, up to 5% conversion to oligomerization 

products were obtained at 250°C with stable performance for at least 40 hours for both Ga/SiO2 

and Zn/SiO2. From the conversion and catalyst compositions, the relative oligomerization TOR, 

given in Table 4, indicate Ni2+ > Ga3+ > Zn2+.   

 

Table 4.4. Product selectivity at varying conversions for each catalyst during ethylene 

oligomerization at 250°C and 1 atm 

Catalyst Conversion 

(%)* 

Selectivity (%)  

  Ethane 

(C2H6) 

Butenes 

(C4
=) 

Hexenes 

(C6
=) 

Octenes 

(C8
=) 

TOR s-1 

(x 10-4) 

Ni/SiO2 1 1.0 89.2 9.7 0.5 8 

2 2.6 86.5 9.6 1.0 13 

5 1.4 86.1 11.8 0.4 15 

10 1.1 85.1 13.5 0.5 10 

Ga/SiO2 1 4.5 87.0 2.6 5.8 2 

2 3.3 85.2 3.6 7.9 2 

5 1.8 75.9 16.8 16.4 7 

Zn/SiO2 1 5.7 91.5 2.8 0.0 1 

2 11.6 87.3 1.1 0.0 1 

5 12.5 85.5 2.0 0.0 1 

* Conversion was varied using different space velocities over 1g of catalyst in a 3/8 in diameter 

quartz reactor tube 

 

The product selectivity as a function of conversion by varying the space velocity is shown for 

Ga/SiO2 and Zn/SiO2 relative to Ni/SiO2 in Table 4.4. Ni/SiO2 is a known for high selectivity to 

dimers, i.e., butenes. On Ni/SiO2, there is a high selectivity towards butenes (C4
=) (85-90%) and 

moderate selectivity towards hexenes (C6
=) (10-15%). Little to no octenes (C8

=) and higher 

molecular weight products are formed. Interestingly, a small amount of ethane (C2H6) (< 1%) is 

observed in the product stream. 

For Ga/SiO2 at the same conversion, for example 5%, the C4
= selectivity is lower and the C8

= 

selectivity is higher than that observed for Ni/SiO2. Ga/SiO2 also has a comparable TOR to Ni/SiO2. 

Alternatively, Zn/SiO2 almost exclusively makes C4
=. For example, at 5% ethylene conversion, 

the butene selectivity of Zn/SiO2 is slightly higher than Ni/SiO2, which is a well-known 
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dimerization catalyst. The TOR of the former, however, is three times lower than that of Ni/SiO2 

and Ga/SiO2. The C2H6 selectivity of Zn/SiO2 is also higher than the latter catalysts. 

At low conversion oligomerization leads to formation of C4
= with an equilibrium distribution 

of 1-butene, cis-2-butene, and trans-2-butene. No isobutene (iC4
=) was observed on any of these 

SiO2-supported catalysts, indicating that there is no skeletal isomerization and only olefin 

isomerization occurs. Further interaction of C2H4 with produced olefins forms C6
=

 or C8
=

 and so 

on. Five C6
= isomers were observed in the GC chromatogram, consistent with the formation of 

only linear olefins.  

The product distributions on each catalyst can be predicted by determining a Schulz Flory 

coefficient, which inherently compares the rate of olefin insertion, or propagation (), and -

hydride elimination, or termination (1-), can be calculated using equations 4.1-4.5. R is the rate 

that the olefin insertion and Tn is the rate -hydride elimination, and C is a constant coefficient.33 

If the -H elimination elementary step is fast relative to olefin insertion, the selectivity favors 

lower molecular weight products, e.g. C4
=. The chain growth selectivity for these catalysts with an 

ethylene reactant is shown in Figure 4.3. 

 

𝑇𝑛+1 = 𝛼𝑇𝑛       4.1 

𝑇𝑛 = 𝐶𝑟𝑛       4.2 

𝑟 =
(1−𝛼)𝑅

𝛼
       4.3 

𝑚𝑜𝑙(𝑛) = (1 − 𝛼)𝛼𝑛−1𝑅      4.4 

𝑚𝑜𝑙%(𝑛) =
𝐶𝑟𝑛

𝑅
= (1 − 𝛼)𝛼𝑛−1     4.5 
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Figure 4.3. Schultz Flory distribution of linear hydrocarbons produced during ethylene 

oligomerization on Ni/SiO2 (black), Ga/SiO2 (green), and Zn/SiO2 (red) 

 

For ethylene oligomerization, the coefficient of propagation for Ga/SiO2 (𝛼𝐺𝑎) is 0.59; while 

that of Zn/SiO2 (𝛼𝑍𝑛) is 0.18, and Ni/SiO2 (𝛼𝑁𝑖) is 0.22. Ni2+ is known to selectively perform olefin 

dimerization and has shown  values between 0.2-0.3. Zn2+, like Ni2+, favors low molecular weight 

products like butenes, while Ga3+ produces some higher molecular weight oligomers. This 

suggests that the rate -H elimination is lower on Ga/SiO2 than on Ni/SiO2 and Zn/SiO2, which 

are similar.8  

At atmospheric pressure, olefin conversion was generally low (< 10%).  Higher conversion is 

achieved at higher pressures. For example, at 250°C and 30.6 atm C2H4, conversions up to 20%, 

and rates two orders of magnitude higher than at atmospheric pressures were obtained (Table 4.5). 

These results include only the quantification of gas-phase products using online GC sampling. 

Liquid products were collected continuously during the reaction and were used for a qualitative 

analysis of the higher molecular weight products.  
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Table 4.5. Product selectivity and conversion for ethylene oligomerization at 250°C and 30.6 atm 

Catalyst Conversion 

(%) 

Selectivity (%) TOR s-1  

  Ethane 

(C2H6) 

Butenes 

(C4
=) 

Hexenes 

(C6
=) 

Octenes 

(C8
=) 

C10+  

Ni/SiO2 20.7 0.6 86.2 11.1 2.9 0.0 7 x 10-2 

Ga/SiO2 20.6 0.6 74.2 16.1 4.9 4.2 8 x 10-2 

Zn/SiO2 15.2 0.5 96.0 0.8 0.0 0.0 5 x 10-2 

 

Higher conversion resulted in higher selectivity to higher molecular weight products. On 

Ga/SiO2, liquid products were condensed and analyzed offline at the end of reaction using mass 

spectrometry (GC-MS). GC-MS was used to identify the composition of the liquid phase products, 

which showed signs of products up to C18 hydrocarbons (higher molecular weight products likely 

did not elude from the GC column), including paraffins, olefins, and saturated rings, however, 

there was little evidence of branched hydrocarbons. This is consistent with the nonacidic nature of 

the SiO2 support. 

Likewise, propylene oligomerization was performed at 250°C and atmospheric pressure with 

product selectivities listed in Table 4.6.  

 

Table 4.6. Product selectivity at varying conversions for each catalyst during propylene 

oligomerization at 250°C and 1 atm 

Catalyst Conversion 

(%)* 

Selectivity (%)  

  Propane 

(C3H8) 

Hexenes 

(C6
=) 

Nonenes 

(C9
=) 

Dodecenes 

(C12
=) 

TOR s-1 

Ga/SiO2 2 1.4 88.5 6.6 0.3 9 x 10-4 

3 1.9 84.3 4.4 5.0 12 x 10-4 

5 1.9 77.5 10.9 4.5 9 x 10-4 

8 3.8 64.5 15.3 7.0 14 x 10-4 

15 3.4 56.6 20.4 8.6 16 x 10-4 

Zn/SiO2 2 0.8 83.8 14.4 0.0 8 x 10-4 

3 0.3 83.8 21.1 0.0 7 x 10-4 

5 4.9 65.4 24.8 0.0 4 x 10-4 

8 3.9 66.8 24.1 0.0 4 x 10-4 

15 1.5 66.5 34.9 0.0 3 x 10-4 

* Conversion was varied using different space velocities over 1g of catalyst in a 3/8 in diameter 

quartz reactor tube 
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Higher conversion of propylene was observed than ethylene on both Ga/SiO2 and Zn/SiO2. In 

addition, small amounts of products from side reactions were also observed. On Ga/SiO2, there is 

a high selectivity towards C6
= (60-80%) and moderate selectivity towards C9

= (5-15%) and higher 

carbon numbers (1-5%). Zn/SiO2 had a rate approximately 3 times lower than Ga/SiO2, but 

maintained a similar product distribution, however, no products with carbon numbers greater than 

9 were observed. From this, a Schultz Flory distribution was obtained (Figure 4.4).  

 

 

Figure 4.4. Schultz Flory distribution of linear hydrocarbons produced during propylene 

oligomerization on Ga/SiO2 (green) and Zn/SiO2 (red) 

 

Here, the coefficient of propagation on Ga/SiO2 (Ga = 0.70) and Zn/SiO2 (Zn = 0.40) were 

both higher in a propylene feed than in ethylene, which is consistent to the Schultz Flory trends 

observed on Mo oligomerization catalysts.34 This implies that there is a greater likelihood of 

making higher molecular weight products with propylene than ethylene and could be due to the 
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lower C-H bond activation energy.35 This would increase the rate of initiation, while either 

decreasing or holding constant the rate of termination.  

4.3.5 Evidence for Oligomerization Intermediates on Ga/SiO2 and Zn/SiO2 

Ga3+ and Zn2+ catalysts heterolytically dissociate H2 and C-H bonds, for example, during 

olefin hydrogenation and alkane dehydrogenation, respectively. When H2 dissociates on Ga3+ and 

Zn2+ or other single site catalysts, it forms a M-H bond and a proton that coordinates to the M-O-

Si bond in the support. Protonation of the latter leads to breaking of the M-O bond and formation 

of a new Si-OH group. This has been observed through in situ spectroscopic studies to identify the 

reaction intermediates. While Ga/SiO2 and Zn/SiO2 activate H2 and ethylene, the former forms a 

higher concentration of reaction intermediates.  

XAS and IR spectroscopies demonstrate that Ga3+ and Zn2+ activate H2 bonds. In H2 with 

increasing temperatures from room temperature to 550°C, there are continual changes in the shape 

of the Ga and Zn K-edge XANES. For Ga/SiO2 (Figure 4.5a), the white line intensity decreases 

and there is a formation of a feature before the edge. Similar, though less obvious, changes were 

observed on Zn/SiO2 (Figure 4.5c). Here, the while line intensity decreases and the ratio of the two 

XANES peaks change subtly. These changes were isolated by subtraction of the dehydrated 

sample from the sample treated in H2 (Figure 4.5b, 4.5d) and are due to changes in electron on the 

active metal center.26 This has also previously been assigned to formation of Ga3+ hydride 

intermediates and the hydride was confirmed by x-ray photoelectron spectroscopy (XPS).23 Zn2+ 

hydrides have also been proposed based on DFT modeling but have not previously been reported.24  

For both catalysts, at 250C, the changes are small but increase with increasing temperature 

indicating both react with H2.   
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Figure 4.5. Operando XAS for Ga/SiO2 and Zn/SiO2 while the temperature was ramped 

continuously to 550°C in pure H2 where A) is the normalized Ga K edge XANES with B) the 

difference between the high temperature scan and dehydrated structure for Ga/SiO2 C) is the 

normalized Zn K edge XANES with D) the difference between the high temperature scan and 

dehydrated structure for Zn/SiO2 

 

The magnitude of the k2-weighted EXAFS of the catalysts treated in H2 at elevated 

temperatures is shown in Figure 4.5. The peak at about 1.5 Å (phase uncorrected distance) is due 

to Ga-O and Zn-O bonds.  With increasing temperature there is a decrease in the M-O coordination 

number for both catalysts.  Metal-hydrogen bonds are not detected by EXAFS, and the loss of M-

O bonds has been suggested to be due for formation of M-H bonds.24,29,31  Fits of the EXAFS are 

given in Table 4.7. There is a loss from 4 M-O to about 3 M-O bonds in the dehydrated and H2 

treated catalysts, respectively. In addition, the absence of second shell metal-oxygen-metal 
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scattering in the EXAFS indicates that the single site structure is maintained at high temperature 

in H2.  

 

Figure 4.6. k2-weighted magnitude of the Fourier transform (k = 2.7 -10.5 Å-1) for A) Ga/SiO2 

and B) Zn/SiO2 as the temperature ramps to 550°C in pure H2 
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When the temperature was decreased to 250°C from 550°C in pure H2, the changes to the 

XANES were reversed. This was previously interpreted as a temperature dependent equilibrium 

between the initial single site structure containing 4 M-O bonds and a metal hydride intermediate 

containing 3 M-O and 1 M-H bonds.29 The XANES spectra incrementally shifted back to the initial 

position while the intensity of the Fourier transform magnitude (EXAFS) continued to increase 

with decreasing temperature, suggesting an increasing metal oxygen coordination number. When 

the temperature was stabilized at 250°C in H2, and the structure stopped changing, the treatment 

gas composition was switched from pure H2 to pure C2H4, which led to restoration of the XANES 

spectra back to its original position (Figures 4.7A and 4.7C). This suggests that the metal hydride 

can facilitate olefin insertion thus forming at least small concentrations of metal alkyls. The 

EXAFS also shows a slight increase in the first coordination shell, consistent with formation of 

new M-C bonds (Figures 4.7B and 4.7D). However, the XANES and EXAFS spectra are not 

completely restored to their original position because under the catalytic cycle, there is likely a 

combination of metal hydride and metal alkyl intermediates which have competing effects on the 

resulting spectra.  
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Figure 4.7. Demonstrates the ability for alkylation on the metal hydride for Ga/SiO2 (A, B) and 

Zn/SiO2 (C,D) 

 

Table 4.7. Ga K and Zn K edge XAS fitting parameters the metal-oxygen bonds in Ga/SiO2 and 

Zn/SiO2 after treatment in pure H2 at successively increasing temperatures 

Sample Pretreatment 

Conditions 

XANES 

Energy (keV) 

Scattering 

Path 

CN R 

(Å) 

𝚫𝝈2 

(Å2) 

𝚫Eo 

(eV) 

Ga/SiO2 a He 550°Ca 10.3751 Ga-O 4.0 1.81 0.006 -2.2 

H2 250°C 10.3750 Ga-O 3.1 1.81 0.006 -1.0 

H2 550°C 10.3747 Ga-O 2.8 1.80 0.006 -1.8 

C2H4 250°C 10.3750 Ga-O 3.5 1.81 0.006 -2.2 

Zn/SiO2 a He 550°C 9.6628 Zn-O 4.0 1.95 0.006 -0.6 

H2 250°C 9.6627 Zn-O 3.3 1.93 0.006 -0.9 

H2 550°C 9.6625 Zn-O 2.9 1.93 0.006 -2.3 

C2H4 250°C 9.6627 Zn-O 3.4 1.93 0.006 -1.0 
a Fits for the dehydrated samples were copied from Table 4.1 and are used for comparison 
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To identify the number of metal carbon bonds, a difference between the C2H4 and H2 treated 

catalysts at 250°C was performed. Although the resulting feature is small (Figure 4.8), it can be fit 

(Table 4.8) to reveal 0.4 and 0.2 metal-carbon bonds in Ga/SiO2 and Zn/SiO2 respectively.  

 

 

Figure 4.8. Difference EXAFS for A) Ga/SiO2 and B) Zn/SiO2 after treatments 250°C in C2H4- 

250°C in H2 
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Table 4.8. Difference EXAFS (C2H4 - H2) fitting parameters at the Ga K and Zn K edges to 

identify the number of metal-carbon bonds at 250°C 

Sample Scattering Path CN R (Å) 𝚫𝝈2 (Å2) 𝚫Eo (eV) 

Ga/SiO2 Ga-C 0.4 1.94 0.005 6.1 

Zn/SiO2 Zn-C 0.2 2.01 0.005 3.2 

 

Further reaction of M-H with D2 in a temperature programmed surface reaction (TPSR) results 

in H/D isotopic exchange to form HD, in which the amount of HD formed corresponds to the 

number of metal hydride sites present on the surface. On Ga/SiO2, after H2 treatment at 250°C, 

about 0.70 mol HD/mol Ga was formed, which is very similar to the decrease in Ga-O coordination 

in H2 observed by EXAFS (Figure 4.7, Table 4.7). The shape of the TPSR profile is consistent 

with only one type of Ga species present. Similarly, Zn/SiO2 forms 0.19 mol HD/mol Zn at 250°C, 

consistent with the changes in coordination number observed in Table 4.7. Higher reaction 

temperatures lead to an increased number of sites that contribute to metal hydride formation. 

In situ IR for Ga/SiO2 also provides evidence for the heterolytic dissociation of H2. The feature 

at 3745 cm-1 corresponds to Si-OH vibrations (Figure 4.9A). The spectra presented in Figure 4.9 

correspond to the difference between the treated and dehydrated catalysts (Ga/SiO2; H2-Ga/SiO2; 

dehydrated). As the temperature increases from 35 to 550°C (in H2), the intensity of this feature also 

increases, suggesting that higher temperatures facilitate increased H2 dissociation. Under these 

same conditions, there are two broad peaks at 2034 cm-1 and 1875 cm-1, which have been 

previously attributed to Ga-H stretching (Figure 4.9B).36–38 As the temperature increases, the 

intensity of both peaks also increase, consistent with the increase in number of  Ga-H sites formed. 

IR features observed for Si-OH and Ga-H indicate that H2 dissociation is possible at temperatures 

as low as 200°C, where olefin hydrogenation occurs. Higher temperatures likely favor the presence 

of more Ga-H sites, leading to larger intensity of IR bands.  
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Figure 4.9. IR O-H stretching region for Ga/SiO2 after treatment in pure H2 at increasing 

temperature from 35°C to 550°C where the treated pattern from the treated catalyst- the 

dehydrated catalyst is provided (Ga/SiO2; H2-Ga/SiO2; dehydrated) for A) 3800-3650 cm-1 

corresponding to Si-OH stretching and B) 2200-1600 cm-1 corresponding to Ga-H stretching 
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Exposure of Ga/SiO2 to C2H4 at temperatures from 35 to 250°C revealed C-H stretching 

vibrations between 2975-2940 cm-1 (Figure 4.10). The spectra shown in Figure 4.10 correspond to 

the difference between the treated and dehydrated catalysts (Ga/SiO2; C2H4-Ga/SiO2; dehydrated) and 

suggests that these C-H vibrations are due to ethylene coordinated to the metal center to form a 

metal alkyl, as opposed to gas phase ethylene in the cell. In addition, there is a feature at 2970 cm-

1, which has been previously attributed to the formation of a vinylic C-H stretching.39 The broad 

feature within this region also increases with temperature from 35°C to 250°C, where the 

oligomerization reaction is performed. This suggests that the heterolytic C-H bond activation is 

also possible, and the pre-formation of a metal hydride is not required to activate olefins.  

 

 

Figure 4.10. IR C-H stretching region for Ga/SiO2 after treatment in pure C2H4 at increasing 

temperature from 35°C to 250°C where the treated pattern from the treated catalyst- the 

dehydrated catalyst is provided (Ga/SiO2; C2H4-Ga/SiO2; dehydrated) 

  

When the H2-treated Ga/SiO2 was exposed to C2H4, the spectra looked nearly identical to that 

in Figure 4.10, except the feature at 2970 cm-1 was absent. This implies that the pre-formation of 

Ga-H can also facilitate alkylation, as has been shown by XAS. This suggests that the heterolytic 
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C-H bond activation is also possible, and the pre-formation of a metal hydride is not required to 

activate olefins. 

4.3.6 Theoretical Calculations for the Mechanism of Oligomerization on Ga/SiO2  

Ga/SiO2 was modeled by replacing Si atoms with Ga atoms in an amorphous SiO2 model. To 

account for the local charge balance, a proton was added onto the oxygen atom adjacent to the Ga, 

resulting in a silanol group. Multiple DFT optimizations were performed to develop the basis 

structure for modeling ethylene oligomerization on Ga/SiO2. Five Ga sites were tested (Figure 

4.11), each corresponding to four oxygen atoms that were originally bonded to Si.  

 

Figure 4.11. Amorphous silica model with highlighted Si atoms to be substituted with Ga (Si = 

blue, O = red; H= white) 

 

During the optimizations, a nearby Si-OH group was generated. Two representative Ga sites, 

including a three-coordinated (3CN) and four-coordinated (4CN), were evaluated (Figure 4.12). 

The different coordination environments are attributed to the original local binding condition of 

the Si atoms substituted. For the 3CN site, the Si atom is in a less constrained framework, where 

the Si-O bonds were elongated (a=1.80 Å, b=1.66 Å, c=1.76 Å, and d=1.69 Å). The cleavage of 

the Si-O bond (a) to generate the 3CN Ga site led to Ga-O bond distances: 4.51 Å, 1.86 Å, 1.82 Å, 

and 1.86 Å. A bond distance of 4.51 Å is sufficiently far away that it does not interact with the 
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3CN Ga site. Whereas the Si atom used for creating the 4CN site is located in a more constrained 

environment containing shorter Si-O bonds (a=1.62 Å, b=1.67 Å, c=1.64 Å, and d=1.66 Å). 

Consequently, the Si-OH formed on the 4CN Ga site is nearer to the metal center and there are 4 

Ga-O bonds at 2.02 Å, 1.85 Å, 1.82 Å, and 1.88 Å. The average Ga-O bond distance of the 4CN 

Ga site is 1.93 Å, which agrees with the experimental characterization (XAS). 

 

 

Figure 4.12. Amorphous silica model with substituted Ga (Si = blue, O = red, H= white, Ga = 

green) 

 

While the 4CN Ga site is thermodynamically less stable than the analogous 3CN Ga sites, 

experimental evidence suggests that the initial Ga structure contains four Ga-O bonds. This 

suggests that the 4CN Ga site may exist in a metastable state and was used in further analysis for 

ethylene oligomerization. 

Initiation of the catalytic cycle begins with heterolytic dissociation of a vinyl C-H bond of 

ethylene across one Ga-O bond. The vinyl alkyl C atom has a negative charge and neighboring Si-

OH group is formed. Migratory insertion of ethylene is the rate limiting step with an effective 

activation barrier of 3.28 eV. Ethylene insertion into the Ga-vinyl intermediate forms a Ga-butenyl 

intermediate and subsequent -H elimination leads to stoichiometric amounts of butadiene and a 

Ga-H intermediate (Figure C.1, Table C.1). Because of the stoichiometric amounts of the initiation 

product, butadiene is not detected experimentally, but has been proposed based on DFT 

calculations for Ni2+ heterogeneous oligomerization catalysts.16,17  

The pre-catalyst structure has a bridging Si-OH and a second non-bridging Si-OH is formed 

during the initial activation of C2H4. Due to the low chemical potential of water, there is a high 

thermodynamic favorability for dehydration of these two adjacent Si-OH. The intrinsic enthalpy 

of dehydration is +1.62 eV, which is consistent with that obtained using a similar silica model.41 

Dehydration of adjacent Si-OH lowers the energy landscape of Ga-H formation (Figures 4.13A, 
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C.2, Table C.2). With this, the free energy of C2H4 insertion decreases to 3.10 eV and that of -H 

elimination decreases to 2.84 eV. 

 

 

Figure 4.13. Theoretical mechanistic insight on Ga/SiO2 A) Free energy diagram of Ga-H 

formation on 4CN Ga site with and without dehydration B) Free energy diagram of 

oligomerization on Ga-H C) Schematic of ethylene oligomerization on Ga-H and relative 

reaction intermediates 

 

DFT modeling of the oligomerization pathway was performed starting from the Ga-H 

intermediate and yielded an energy landscape with transition states illustrated in Figure 4.13C 

(Figures 4.13B, C.3-C.4, Tables C.3-C.4). The C-H(sp2) activation of C2H4 by Ga-H forms a Ga-

alkyl intermediate and has a free energy of approximately 1.99 eV. Subsequent insertion of a 

second C2H4 to the Ga-alkyl intermediate yields a Ga-butyl transition state and is the rate limiting 

step with a free energy of 2.25 eV. This is consistent with higher partial pressures of C2H4 leading 

to higher TORs. Finally, -H elimination (1.67 eV) results in desorption of the final olefin product, 

re-forming Ga-H and completing the catalytic cycle. This energy is consistent with previous DFT 

calculations for the -H elimination of a propyl group on Zn/SiO2 (1.99 eV) for C3H8 

dehydrogenation.
23 Oligomerization on Ga-H generated from a less constrained model, for 

example starting from a 3CN Ga site, was also calculated (Figure C.5, Table C.5). Because the Ga 
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site may be in a variety of strain conditions, the resulting DFT calculations provide the lower (3CN) 

and upper (4CN) limits of the energetics of olefin oligomerization (Figure C.6). Using the less 

constrained model, the free energy for migratory insertion and -H elimination decreased to 1.14 

eV and 1.10 eV, respectively. This proposed mechanism (Figure 4.15) is in line with the Cossee-

Arlman mechanism previously proposed for Ni2+ ions on zeolite supports. 

Both Ga/SiO2 and Zn/SiO2 are main group metal elements with no available d orbitals to 

participate in the catalytic cycle. For transition metal oligomerization catalysts like Ni2+, one would 

expect that d orbitals would participate in the reaction steps involving dissociation of C-H bonds, 

e.g., initiation and -H elimination. On a transition metal, the transition state corresponding to step 

6 in Figure 4.13C involves the HOMO of the ethylene donating electrons to the hybridized M 

orbital while the filled d orbital from M donates electrons to the LUMO of ethylene, thus forming 

a -bond. On Ga3+ and Zn2+, this is different because neither can accommodate more than four 

bonds. Therefore, it is possible that a filled 3d orbital can facilitate the M donating electrons to the 

ethylene, thus forming a -bond. Alternatively, using an unfilled 4d orbital, the ethylene will 

donate electrons to the M hybridized orbital, thus forming a −bond. In both cases, the metal alkyl 

intermediate will contain a weaker bond than in the same intermediates using transition metals, 

and therefore likely have a lower stability and a higher energy barrier for -H elimination.  

4.4 Discussion 

Ga/SiO2 and Zn/SiO2 have the same 4-coordinate (Td) structure as Ni/SiO2. These structures 

are stable at high temperatures and Ga3+ and Zn2+ do not reduce to a lower oxidation state, even in 

the presence of H2. Whereas, when Ni2+ single sites are exposed to temperatures higher than 350°C 

in reducing conditions, Ni2+ reduces to Ni0 and loses oligomerization activity.27 While neither 

Ga/SiO2 nor Zn/SiO2 has been reported to perform oligomerization, this work shows that they 

perform oligomerization with varying product distributions. This performance was investigated 

through a mechanistic understanding of the elementary steps and reaction intermediates required 

for oligomerization to occur. For this, the ability to heterolytically activate C-H bonds is important 

for catalyst activation. This capability is known through the previously reported dehydrogenation 

activity.23,24 Dehydrogenation has the same elementary steps (insertion, and -hydride elimination) 

and reaction intermediates (metal alkyl and metal hydride) as oligomerization (Figure 4.14).  
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Figure 4.14. Dehydrogenation (solid line) and hydrogenation (dashed line) reaction pathways 

 

In dehydrogenation (550°C, 1 atm), an alkane is inserted to the 4-coordinate single site catalyst 

metal center, forming a metal alkyl. Subsequent -hydride elimination produces the olefin and 

forms a metal hydride intermediate. C-H bond activation restores the initial 4-coordinate catalyst. 

In hydrogenation (200°C, 1 atm), the microscopic reverse of dehydrogenation that occurs at lower 

reaction temperatures, the single site catalyst can activate H2 to form a metal hydride. Olefin 

insertion to the metal hydride forms a metal alkyl which produces a paraffin when it is desorbed 

from the metal surface, reforming the initial catalysts, thus restarting the catalytic cycle.  

Oligomerization occurs at temperatures where C-H bond activation occurs, which is required 

for the initiation of the catalyst. IR demonstrates that increasing temperatures in C2H4 leads to an 

increase in the broad peak ranging from 2975-2940 cm-1, corresponding to increased formation of 

metal alkyls. At 250°C, the intensity of this feature is notable, consistent with the oligomerization 
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reactivity observed at that temperature on both Ga/SiO2 and Zn/SiO2. However, the effect of pure 

C2H4 on the catalysts could not be studied using XAS because metal oxygen and metal carbon 

bonds cannot be distinguished.   

The ability to heterolytically dissociate H2 is also critical for carrying out oligomerization. 

Both IR and XAS demonstrate that increasing temperature in pure H2 leads to increased interaction 

with the catalyst. IR shows that as the temperature increases from room temperature to 550°C, 

there is an increase in the 3745 cm-1 peak, corresponding to increasing Si-OH vibrations. This is 

consistent with increased H2 dissociation at higher temperatures and is in line with the H2/D2 

results. When a metal hydride forms, a metal oxygen bond is lost to the formation of a metal 

hydrogen bond and the remaining hydrogen forms a surface silanol on the support. This is 

consistent with the loss of approximately one metal-oxygen bond observed by XAS under the same 

conditions.  

From this, it is interpreted that hydrogenation/dehydrogenation and oligomerization are 

related through the formation of the same reaction intermediates and the ability to perform the 

same elementary reaction steps (Figure 4.15). However, different reaction conditions are required. 

While dehydrogenation and hydrogenation can be performed at atmospheric pressure with high 

rates, oligomerization requires higher pressure to obtain high conversion and reasonable rates. 

Here, low ethylene conversions up to 5% were obtained at 250°C and 1 atm and the conversion 

increased to about 20% at 250°C and 30.6 atm. 
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Figure 4.15. Heterogeneous oligomerization reaction pathway 

  

The heterogeneous oligomerization mechanism on Ga/SiO2 and Zn/SiO2 is likely the same as 

has been previously proposed for Ni/BEA, except that it requires the initial activation of a C-H 

bond to form a vinylic intermediate.16 This C-H bond activation frequently occurs at higher 

temperatures than required for traditional Ni-based oligomerization catalysts (250°C on Ga3+ and 

Zn2+ vs. 150-200°C on Ni2+). A subsequent olefin can insert in the vinylic intermediate and -H 

elimination can simultaneously form butadiene and a metal hydride, thus activating the traditional 

oligomerization cycle. Butadiene, although is not detected experimentally, has been proposed to 

form in a stoichiometric amount during the initiation of oligomerization catalysts.16,17  
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Once a metal hydride is formed, ethylene can insert to form a metal alkyl intermediate. Chain 

growth is carried out by the tendency of a catalyst to perform sequential olefin insertion 

(propagation) over -H elimination (termination). Catalysts that favor -H elimination over olefin 

insertion will likely favor the formation of dimers (Zn/SiO2), whereas the reverse can produce 

higher molecular weight hydrocarbon products (Ga/SiO2). DFT shows that ethylene insertion is 

the rate determining step. The experimental results demonstrate that Ga/SiO2 has a higher activity 

than Zn/SiO2. This could be due to the higher stability of Ga-H relative to Zn-H, which suggests 

that the energy barrier for ethylene insertion to the M-H is lower on Ga3+ and therefore allows for 

more ethylene insertions prior to -H elimination, thus forming higher molecular weight products. 

Desorption of the long chain olefin product and restore the metal hydride site, allowing it to go 

through the catalytic cycle again. 

 For this, understanding the reaction intermediates and elementary steps is critical for 

identifying novel oligomerization catalysts with tunable product selectivity for targeted 

applications. Ga/SiO2 and Zn/SiO2 are not traditionally used for olefin oligomerization. While Ni-

based catalysts are usually used to perform oligomerization, the products are limited to primarily 

butenes and some hexenes, which is not desirable to make fuel-range products. Some studies have 

been performed on bifunctional Ni/MCM-41, which have metal (Ni2+) and acid (H+) function 

leading to the formation of both linear and branched products containing C3+ carbon numbers.9,18 

The introduction of acid character leads to cracking and isomerization, as evidenced by the 

formation of branched hydrocarbons (e.g. isobutene). Whereas C2H4 oligomerization on a metal 

site should only form linear products of even carbon numbers.  

Oligomerization on Ga3+ and Zn2+ single site catalysts were compared to that on Ni2+ all 

supported on SiO2 (non-acidic). Silica supported catalysts are not expected to result in products 

containing odd carbon numbers because cracking (C8
=

  → iC4
= or C3

= + iC5
=) is not expected in 

the absence of H+ sites. Consistent with the lack of acidity of the silica support, no isobutene is 

produced during ethylene oligomerization and higher molecular weight products were not formed 

during propane dehydrogenation. Each of these catalysts formed varying product distributions of 

linear olefins including an equilibrium distribution of C4
= (1-butene, cis-2-butene, and trans-2-

butene), C6
= and C8

= isomers, in addition to trace amounts of interesting products like methane and 

ethane. The formation of paraffins could be explained by the formation of butadiene during 

initiation. 
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Understanding the reaction intermediates and elementary steps is critical for identifying novel 

oligomerization catalysts with tunable product selectivity for targeted applications. Ga/SiO2 and 

Zn/SiO2 are not traditionally used for olefin oligomerization. Though reports on Ga/ZSM-5 

suggest the possibility of oligomerization on Ga ions, the acidic character of the support 

complicates the understanding of the metal activity.25 ZSM-5 will protonate ethylene at room 

temperature and perform oligomerization at higher temperature. The lack of linear olefins and 

observation of high Bronsted activity suggest that the acid character dominates performance on 

Ga/ZSM-5. Whereas the SiO2 support in our study is nonreactive and the activity comes only from 

Ga3+ and Zn2+ sites respectively, thus forming linear olefins.  

4.5 Conclusion 

Ga3+ and Zn2+ single site catalysts can perform oligomerization at temperatures as low as 

250oC. While both Ga/SiO2 and Zn/SiO2 are atypical oligomerization catalysts, they can form the 

necessary intermediates required to facilitate the reaction (i.e. metal hydride and metal alkyl) 

through the Cossee-Arlman mechanism. By changing the identity of the active metal, we can 

increase control over the resulting product distribution and operate under various process 

conditions because unlike Ni2+, neither Ga3+ nor Zn2+ will reduce to a lower oxidation state, even 

at high temperatures in H2. Finally, dehydrogenation and oligomerization are related through the 

formation of the same reaction intermediates. This work presents opportunity for the development 

of oligomerization catalysts, as well as new insights into main group metal chemistry. 
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 METATHESIS ON SILICA-SUPPORTED GA3+ AND ZN2+ SINGLE 

SITE CATALYSTS  

5.1 Introduction 

Olefin metathesis provides an alternative, more selective, route to thermal cracking for 

converting ethylene to propylene, which is necessary for meeting the high demand for 

polypropylene and propylene oxide to produce chemicals and consumer products.1–3 There are 

three types of  olefin metathesis including 1) cross metathesis, or the exchange of double bonds in 

linear olefins, 2) ring opening metathesis, or opening a closed olefin followed by polymerization, 

and 3) ring closing metathesis, which is the opposite of ring opening metathesis.4 In each instance, 

C=C bonds are interconverted, and the original feed olefin is disproportionated to a longer and 

shorter chain olefin. This versatility leads to several industrial applications important for 

petrochemicals, polymers, and specialty chemicals.4–7   

One of the first catalyzed metathesis reactions was observed in the 1950’s by researchers at 

Du Pont, when ethylene and butene were formed from propylene over Mo(CO)6/Al2O3.
8 

Independently, Natta discovered ring opening metathesis when cyclopentene polymerization was 

performed with a MoCl5 catalyst. Eventually, supported WOx was utilized by Phillip’s Petroleum 

in the first large-scale industrial metathesis process called Phillips Triolefin Process, which 

converted propylene to ethylene and butene. Later, BP used Re2O7/Al2O3 and Shell used 

MoOx/Al2O3 for the disproportionation of short and long chain olefins.9  

Early metathesis catalysts were poorly defined multicomponent heterogeneous and 

homogeneous systems. To address this, subsequent catalyst development of carefully prepared, 

single component homogeneous, organometallic complexes, provided the fundamental insight that 

metal carbene complexes were required to facilitate metathesis. Analogous, well-defined 

heterogeneous catalysts including W, Mo, and Re organometallic centers were developed to yield 

high catalytic activity.  

While the nature of active site for these heterogeneous catalysts has not yet been defined, it is 

best understood that metathesis initiation occurs on a metal alkylidene species coordinated to a 

metal center. This is followed by a shift of the coordinated olefin to form a metallocyclobutane 

intermediate, and a subsequent shift of the newly coordinated olefin in the perpendicular direction 

to the initial olefin shift. The new olefin contains a carbene from the catalyst and another carbene 
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from the starting olefin, which can reenter the catalytic cycle.8,10 Due to the high stability of the 

metal alkylidene intermediate, homogeneous catalysts are used with co-catalysts to pre-form the 

intermediate prior to reaction. The alkylidene is not typically known to readily form under reaction 

conditions, leading to low reaction rates.11 

This work investigates the unique formation of propylene during ethylene oligomerization at 

high temperature on four coordinate Ga/SiO2 (Ga3+) and Zn/SiO2 (Zn2+) single site catalysts. This 

reactivity was attributed to olefin metathesis, and can be performed in the reverse, i.e. when 

propylene is fed it produces ethylene and butylene. However, metathesis chemistry is 

unprecedented on metal centers that do not contain unpaired d electrons, such as Zn2+ and Ga3+. 

This reactivity is best understood as sigma bond metathesis using the p-orbitals of these main 

group metal ions. 

5.2 Materials and Methods 

5.2.1 Catalyst Preparation 

Single site Ga3+/SiO2 and Zn2+/SiO2 catalysts were prepared following the procedures 

previously reported in literature, using standard catalyst synthesis techniques resulting in a 2.6 wt% 

and 4.0 w% catalyst respectively.12,13 

Ga/SiO2 was synthesized with a chelating agent to prevent the formation of Ga2O3 using pH-

controlled incipient wetness impregnation (IWI). 10 g of Davisil silica with grade 636 (pore size 

= 60 Å, surface area = 480 m2/g) was impregnated with an aqueous solution containing 1.5 g of 

gallium nitrate solution (Ga(NO3)3 xH2O, Fluka chemical) and 1.5 g of citric acid (Sigma Aldrich) 

dissolved in Millipore water. The catalyst was dried for 16 hours at 125°C and then calcined at 

500°C for 3 hours. Atomic absorption spectroscopy (AAS) was used to determine that the final 

catalyst contained approximately 2.6 wt% Ga. 

Zn/SiO2 was synthesized using pH-controlled strong electrostatic adsorption (SEA). A 

solution containing 2.5 g of zinc nitrate hexahydrate (Zn(NO3)2 6H2O, Sigma Aldrich) was made 

and the pH was adjusted to 11 using 30% ammonium hydroxide (NH4OH) solution, until a clear 

solution was obtained. 10 g of Davisil silica was suspended 100 mL of Millipore water in a separate 

beaker and the pH was adjusted to 11 using NH4OH. The Zn solution was added rapidly to the 

SiO2 solution and stirred for 20 minutes. After the solid was settled, the solution was decanted, 
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and the resulting slurry was washed with Millipore water and collected by vacuum filtration. The 

catalyst was dried for 16 hours at 125°C and then calcined at 300°C for 3 hours. AAS was used to 

determine that the final catalyst contained approximately 4.0 wt% Zn.  

5.2.2 In Situ X-Ray Absorption Spectroscopy (XAS) 

In-situ XAS was performed at the 10-BM sector at the Advanced Photon Source at Argonne 

National Laboratory. All measurements were performed at the Zn K (9.659 keV) or Ga K (10.3670 

keV) edge in transmission mode in fast scan from 250 eV below the edge to 800 eV above the 

edge. Samples were pressed into a stainless-steel sample holder and placed in a sample cell. To 

identify the initial catalyst structure, Ga/SiO2 and Zn/SiO2 were dehydrated at 550°C in He, cooled 

to room temperature and scanned. The data was processed using the WinXAS v.3.2 software14 to 

find the coordination number and bond distance using standard procedures. Feff6 calculations were 

performed using Ga2O3 (50% at CN=4, R=1.83 Å and 50% CN=6 at 2.00 Å), ZnO (CN=4, R=1.98 

Å), and NiO (CN=6, R=2.09 Å) respectively for reference. A least squared fit for the first shell of 

r-space and isolated q-space were performed on the k2 weighted Fourier transform data over the 

range of 2.7 to 10 Å-1 in each spectrum to fit the magnitude and imaginary components. 

5.2.3 Catalyst Evaluation 

Catalyst performance tests were performed in a fixed bed reactor with a quartz reactor tube of 

1/8-inch outer diameter. The catalyst was treated in 50 ccm N2 while ramping to reaction 

temperature until the temperature was stabilized. Olefin reactions were performed in 100% C2H4 

at 450°C and atmospheric pressure on 1 g of catalyst using GHSVs ranging from 0.08 s-1 to 0.38 

s-1. Additional olefin reactions were performed in 100% C3H6 at 250, 350, and 450°C and 

atmospheric pressure on 1 g of catalyst using GHSVs ranging from 0.02 s-1 to 0.24 s-1. All products 

were analyzed with a Hewlett Packard (HP) 6890 Series gas chromatograph (GC) using a flame 

ionization detector (FID) with an Agilent HP-Al/S column (25 m in length, 0.32 mm inner diameter, 

and 8 µm film thickness).  



 

 

139 

5.3 Results 

5.3.1 Initial Catalyst Structure 

The pre-reaction catalyst was determined by x-ray absorption spectroscopy (XAS) on Ga/SiO2 

and Zn/SiO2. The catalysts were dehydrated at 550°C in He and compared to known references at 

each metal edge (Figure 5.1). The EXAFS fits are given in Table 5.1.  

 

 

Figure 5.1. XAS of dehydrated catalyst structures for Ga/SiO2 (A-B), and Zn/SiO2 (C-D) 

compared to the bulk oxides of each metal 
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Table 5.1. EXAFS fits of the as-prepared structures of Ga/SiO2, and Zn/SiO2 after dehydration at 

550°C in He 

Sample XANES 

Energy (keV) 

Scattering 

Path 

CN R 

(Å) 

𝚫𝝈2 

(Å2) 

𝚫Eo 

(eV) 

 

Ga2O3 10.3751 Ga-O 3.0 2.00 - - Ga3+ (Td+Oh) 

2.0 1.83 - - 

Ga(AcAc)3 10.3793 Ga-O 6.0 1.93 - - Ga3+ (Oh) 

Ga/SiO2 10.3751 Ga-O 4.0 1.81 0.006 -2.2 Ga3+ (Td) 

ZnO 9.6625 Zn-O 4.0 1.98 - - Zn2+ (Td) 

Zn/SiO2 9.6628 Zn-O 4.0 1.95 0.006 -0.6 Zn2+ (Td) 

*Ga2O3, Ga(AcAc)3, and ZnO are references of known structures 

The XANES were used to determine the oxidation state while the EXAFS were used to 

identify the initial coordination geometry of each catalyst. Ga/SiO2 was compared to Ga2O3, a 

50/50 mixture of tetrahedral (Td) and octahedral (Oh) Ga and Oh Ga acetylacetonate (Ga(AcAc)3). 

Although both references have the same oxidation state, the position of their XANES energies 

shifts slightly with different geometry. The XANES energy of Td Ga3+ (10.3745 keV) is lower 

than that of Oh Ga3+ (10.3793 keV). The XANES energy (10.3751 keV) of Ga/SiO2 is consistent 

with Td Ga3+. The EXAFS fit reveals that the initial structure of Ga/SiO2 contains 4 Ga-O bonds 

at 1.81 Å (Table 5.1). The absence of Ga-O-Ga bonds also suggests a single site structure, which 

is defined as an isolated Ga3+ bound to the support. 

Similarly, the XANES energy of Zn/SiO2 (9.6628 keV) is like that of ZnO (9.6625 keV), 

consistent with the Zn2+ oxidation state. The EXAFS fit reveals that the structure of Zn/SiO2 

contains 4-Zn-O bonds at 1.95 Å (Table 5.1) and lacks Zn-O-Zn bonds. This indicates a single site 

Zn initial catalyst.  

Single site Ga/SiO2 and Zn/SiO2 were obtained with 3+ and 2+ oxidation states respectively. 

Both catalysts lack second shell metal scattering, indicating that they are isolated ions with 4 metal-

oxygen bonds to the support.  

5.3.2 Catalyst Reactivity 

The same 4-coordinate, tetrahedral, single site catalysts were recently reported to perform 

ethylene and propylene oligomerization at mild reaction temperatures (250°C) and a range of 

pressures (1 atm, 30.6 atm). This reactivity was previously attributed to the ability of the single 
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site catalyst to heterolytically dissociate C-H bond, leading to the formation of a metal alkyl. 

Higher reaction temperatures lead to increased C-H bond dissociation, which should lead to higher 

oligomerization rates. Therefore, ethylene oligomerization was performed at 450°C and 

conversions up to 8% were obtained, which is about twice as high as the conversion achieved at 

250°C. The reaction rates of the former were also two orders of magnitude higher than the latter. 

Oligomerization products containing a maximum of ten carbons were obtained (Table 5.2).  In 

addition, interesting products including methane, ethane, and propylene were also observed due to 

the increased rate of side reactions occurring at elevated temperature.
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Table 5.2. Product selectivity at varying conversions for each catalyst during ethylene oligomerization at 450°C and 1 atm 

Catalyst Conversion 

(%)* 

Selectivity (%)  

  Methane 

(CH4) 

Ethane 

(C2H6) 

Propylene 

(C3
=) 

Butenes 

(C4
=) 

Hexenes 

(C6
=) 

Octenes 

(C8
=) 

Decenes 

(C10
=) 

TOR s-1 

(x 10-2) 

Ga/SiO2 3 0.9 22.0 3.7 59.3 10.2 2.5 1.4 3 

5 1.0 26.3 5.2 48.8 11.0 5.8 1.8 2 

8 1.5 32.6 5.9 43.4 10.9 4.0 1.8 2 

Zn/SiO2 3 2.5 35.8 1.1 46.5 12.1 1.2 0.8 0.2 

5 3.4 24.2 0.9 46.5 19.7 4.0 1.8 0.2 

7 4.6 21.8 1.2 43.5 23.5 2.7 2.7 0.2 

* Conversion was varied using different space velocities over 1g of catalyst in a 3/8 in diameter quartz reactor tube
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On Ga/SiO2, at 5% conversion of ethylene, the selectivity towards butenes (C4
=) and hexenes 

(C6
=) were 49% and 11% respectively. There was also a 6% and 2% selectivity towards octenes 

(C8
=) and decenes (C10

=). Unique side products formed under these conditions, indicating 

secondary reactions occur at higher temperatures. A notable selectivity towards methane (1%), 

ethane (26%), and propylene (5%) was also observed. Other odd carbon number olefins (pentenes 

and heptenes) were also formed but could not be distinguished from C6
= and C8

= respectively. 

However, these reaction products were not observed in previous studies where oligomerization 

was reacted at 250°C. Similar product distributions were also observed on Zn/SiO2 at 5% 

conversion. While the selectivity towards typical oligomerization products including C4
= (47%), 

C6
= (20%), C8

= (4%), and C10
= (2%) are very similar, Zn/SiO2 tended to product more methane 

(4%) and less propylene (1%).  

The oligomerization activity on Ga/SiO2 and Zn/SiO2 is unprecedented. Our previous research 

supports that the onset of oligomerization occurs at temperatures as low as 250°C. Evidence of 

relevant reaction intermediates suggests that higher temperatures lead to increased C-H bond 

dissociation leading to higher reaction rates. If only ethylene oligomerization occurred, only even 

carbon numbered products would be observed. In addition, previous IR studies demonstrate that 

when exposed to H2, SiO2-supported single sites do not generate Bronsted sites, even at elevated 

temperatures up to 550°C. Consistent with the lack of acidity on the SiO2 support, no branched 

hydrocarbons (e.g. isobutene) were observed. Therefore, ethylene oligomerization on nonacidic, 

silica supported catalysts is not expected to result in products containing odd carbon numbers, such 

as propylene, because cracking (C8
=

  → iC4
= or C3

= + iC5
=) is not anticipated in the absence of H+ 

sites. The formation of odd carbon number products is likely be due to a secondary reaction. It 

may be possible that propylene is formed by hydrogenolysis of butene (H2 + C4H8 → CH4 + C3H6), 

however only a small amount of methane is produced. Methane and propylene are not produced 

in a 1:1 molar ratio. To understand the production of propylene, the molar dependence of C3
= on 

C4
= and C6

= were compared (Figure 5.2).  
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Figure 5.2. Molar dependence of the production of propylene on butenes and hexenes for A) 

Ga/SiO2 and B) Zn/SiO2
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On both Ga/SiO2 and Zn/SiO2, a linear dependence on C4
= was observed while the amount of 

propylene produced was not related to the production of C6
=. In other words, as the amount of C4

= 

increased, so did the amount of C3
=. C3

= formation is seemingly not due to the presence of C6
=. 

This suggests that the formation of C3
= relies on the concentration of C4

= and could be due to olefin 

metathesis, as the bond disproportionation between C2
= and C4

= can occur resulting in the 

formation of two C3
=. To investigate this, propylene was used as a reactant at a range of 

temperatures to observe trends in the product distribution. Activation of propylene occurs at lower 

temperatures than ethylene. Higher temperature leads to higher conversion and increased 

contribution from secondary reactions. Propylene conversions up to 8% at 250°C and 12% at 

350°C and 450°C were obtained with product distributions shown in Table 5.3. 
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Table 5.3. Product selectivity at varying conversions for each catalyst during propylene oligomerization at 250°C, 350°C, 

and 450°C, each at 1 atm 

Catalyst Conversion 

(%)* 

Selectivity (%)  

  Methane 

(CH4) 

Ethylene 

(C2
=) 

Propane 

(C3H8) 

Butenes 

(C4
=) 

Hexenes 

(C6
=) 

Nonenes 

(C9
=) 

Dodecenes 

(C12
=) 

TOR s-1 

 T=250°C  

Ga/SiO2 1 0.1 5.5 3.9 6.3 8.9 75.1 0.2 9 x 10-4 

3 0.1 5.9 6.3 6.7 7.8 71.9 1.3 12 x 10-4 

5 0.2 7.4 5.3 7.4 16.1 52.3 11.3 9 x 10-4 

8 0.2 10.4 7.7 8.9 23.5 43.4 5.9 14 x 10-4 

Zn/SiO2 1 0 3.8 9.2 3.2 50.5 28.1 5.2 8 x 10-4 

3 0 2 6.1 1.3 52.2 29.6 8.8 7 x 10-4 

5 0 5.9 8.9 5.4 36.7 30.8 12.3 4 x 10-4 

8 0 6.2 6.2 6.6 41.4 30 9.6 4 x 10-4 

 T=350°C 

Ga/SiO2 2 1.2 12.4 4.4 12.5 6.6 61.8 1.1 4 x 10-4 

5 1.4 13 3.8 15 10.1 54.2 2.5 3 x 10-4 

10 2.6 19.6 3.2 22.7 14.9 35.9 1.1 4 x 10-4 

12 2.9 19.2 5.8 25.4 14.7 31 1 2 x 10-4 

Zn/SiO2 2 4.5 25.5 6 21 13 30 0 1 x 10-4 

5 1.2 26 6 26.1 13 20.2 7.5 6 x 10-5 

10 0.8 23.7 4.6 24.6 15.6 23.6 7.1 1 x 10-4 

12 1.2 17 4.9 16.7 29.1 22.2 8.9 8 x 10-5 

 T=450°C 

Ga/SiO2 2 6.3 23.4 17.9 19.4 5.2 26.7 1.1 3 x 10-3 

5 5.8 22.6 18.5 21.2 5.5 25.6 0.8 2 x 10-3 

10 8.6 21 25.3 17.7 7.3 15.2 4.9 6 x 10-4 

15 8.7 20.7 30.3 19.3 8.9 11.3 0.8 2 x 10-3 

Zn/SiO2 2 7.4 19.7 29.7 19.4 12 11.8 0 3 x 10-3 

5 8.4 21 24.1 18.7 22.6 5.2 0 2 x 10-3 

10 13.5 14.9 27.9 17.1 23.5 3.1 0 1 x 10-3 

15 7.2 16.7 25 16.6 27.1 7.4 0 2 x 10-3 

            * Conversion was varied using different space velocities over 1g of catalyst in a 3/8 in diameter quartz reactor tube
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At 250°C, Ga/SiO2 at 5% conversion of propylene had about 16% selectivity towards C6
=, the 

primary oligomerization product. Ethylene (7%), propane (5%), and C4
= (7%), and methane was 

observed in trace amounts. At 350°C, the selectivity towards C6
= increased to 15%, and higher 

molecular weight products were formed on Ga/SiO2. The selectivity towards methane (2%), 

ethylene (13%), propane (4%), and C4
= (15%) all increased. The rate increased by an order of 

magnitude when the reaction temperature increased from 250°C to 350°C. While the rate remained 

constant with an additional increase in reaction temperature from 350°C to 450°C, the product 

distributions followed similar trends, with a higher selectivity to unique products. The selectivity 

towards C6
= decreased slightly to 6% and the selectivity towards methane (6%), ethylene (22%), 

propane (19%), and C4
= (21%) all increased.  

Under the same conditions, Zn/SiO2 had very similar product distributions to Ga/SiO2. For 

instance, at 250°C and 5% propylene conversion, there was 36% selectivity towards C6
= and 6%, 

9%, and 5% selectivity towards ethylene, propane, and C4
= respectively. These selectivities 

followed similar trends with increasing reaction temperature similarly to that on Ga/SiO2.  

On both catalysts, methane, ethylene, propane, and C4
= are not expected during propylene 

oligomerization, but are consistent with the unexpected products observed during ethylene 

oligomerization. While C3
= was formed directly from ethylene, C2

= and C4
= are formed directly 

from propylene. This suggests that two competing reactions, ascribed to oligomerization and 

metathesis, occur as the temperature increases. The results suggest that higher reaction 

temperatures lead to an increased metathesis rate, due to the increased selectivity to the C3
= from 

ethylene and C2
= and C4

= from propylene. Therefore, to explore these relative rates, the ratio of 

product selectivity (Sproduct) during propylene reactions were explored as a function of temperature 

(Figure 5.3). Here, SC2=+SC4= corresponds to the rate of metathesis while SC6= corresponds to that 

of oligomerization.
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Figure 5.3. Ratio of propylene oligomerization (S C6
=) to propylene metathesis (S C2

= + S C4
=) 

as a function of conversion for reaction temperatures at 250°C (black), 350°C (red), and 450°C 

(blue) for A) Ga/SiO2 and B) Zn/SiO2 
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On Ga/SiO2, (SC2
= + SC4

=)/SC6
= increases with temperature. While there is little difference 

to the ratio of products observed at 250°C and 350°C, the ratio increases by nearly five times at 

450°C. This means that at 450°C, the formation of C6
= is less favored and forming ethylene and 

C4
= is more likely, suggesting that metathesis on these catalysts is favored at high reaction 

temperature and that metathesis likely has a higher activation energy than oligomerization. On 

Zn/SiO2, no clear trends with increasing reaction temperature were observed.  

5.4 Discussion 

This work suggests that multiple reaction pathways are possible on Ga/SiO2 and Zn/SiO2 

catalysts, especially at reaction temperatures higher than 350°C. It was previously demonstrated 

that these same catalysts perform ethylene oligomerization with moderate turnover rates at 250°C. 

It was proposed that this reactivity was initiated by the activation of C-H bonds leading to the 

formation of a vinylic intermediate. -H elimination of the vinyl group resulted in the formation 

of butadiene and a metal hydride. Once the metal hydride was formed, it was able to facilitate 

olefin oligomerization. However, higher reaction temperature in ethylene reveals that secondary 

reactions occur leading to the formation of propylene. This is proposed to be due to olefin 

metathesis, which is unexpected on metals containing full d electron orbitals, such as Ga3+ and 

Zn2+. Typically, metathesis catalysts have unpaired d electrons, such as W, Mo, and Re, to facilitate 

the formation of an alkylidene (M=R) intermediate.  

For metals like Ga and Zn this would require the chemical reactivity of the empty 4p electron 

orbitals.15,16 Here, we propose that this is possible at high reaction temperatures (450°C) and 

propose a reaction pathway is shown in Figure 5.4, demonstrating the elementary steps proposed 

to lead to each product (methane, ethane, propylene, and butenes) observed. 
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Figure 5.4. Reaction pathway for Ga/SiO2 and Zn/SiO2 at 350°C in the presence of ethylene, although similar 

reaction scheme can be drawn for propylene feed
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The initiation of the initial four coordinate structure occurs by activation of a C-H bond, 

forming a vinylic intermediate. -H elimination releases butadiene and forms a metal hydride. 

Although butadiene was not observed experimentally, it is commonly proposed to be produced 

during the initiation of oligomerization catalysts.17 The metal hydride can facilitate 

oligomerization, which has been shown at temperatures as low as 250°C. When two or more 

olefins are insert to the metal hydride, longer chain olefins form and are desorbed during 

termination by -H elimination. This restores the metal hydride and restarts the catalytic cycle. 

Alternatively, after initiation, an olefin can activate a C-H bond to form a metal alkyl intermediate, 

which can undergo three subsequent reaction pathways. First, the activated catalyst can react with 

H2, likely arising from the presence of unsaturated products like butadiene, to produce a paraffin 

by hydrogenation. Hydrogenation has been previously reported on Ga/SiO2 and Zn/SiO2 at 

temperatures as low as 200°C.12,13 If an olefin reacts instead, an alkylidene intermediate may be 

formed and can facilitate olefin disproportionation, or metathesis, resulting in the formation of 

propylene from ethylene and the reverse. Because this intermediate is generated in situ, higher 

reaction temperatures are needed for this pathway to be favorable. Finally, -C elimination of the 

vinylic intermediate will lead to the production of small amounts of methane.  

While the -H elimination, olefin insertion, and C-H bond activation elementary steps have 

been demonstrated on Ga/SiO2 and Zn/SiO2, metathesis is unexpected on main group metals.12,18,19 

In fact, metathesis catalysts are usually designed to have a targeted alkylidene ligand to facilitate 

double bond disproportionation with an olefin.8,10 Few instances of a alkylidene intermediate being 

generated in situ by -H elimination have been reported in literature.20–22 The metal sites in these 

catalysts are coordinated to various ligands which help facilitate alkylidene formation. In addition, 

a four-coordinate, zeolite-supported Ni2+ catalyst reported propylene formation during ethylene 

oligomerization, the activity was attributed to the Bronsted acid (H+) sites of the support.2 While 

this is possible in the presence of Bronsted acid sites, the SiO2 support used in this study is non-

acidic and not reactive under these conditions. This implies that all products observed are due to 

the reactivity of the metal.  

As we have previously shown, the shape of the XANES change for both Ga/SiO2 and Zn/SiO2 

at high temperature in high concentrations of H2 or ethylene at high treatment temperatures. This 

was interpreted as the reversible formation of a metal hydride, which can then undergo subsequent 

alkylation, and concludes that a change in oxidation state is not observed. This means that Ga3+ 
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and Zn2+ remain in the +3 and +2 oxidation state respectively, even at temperatures up to 550°C 

in pure H2. Many extensive studies on the Ga K edge XANES of various Ga organometallics help 

eliminate the possibility of a redox cycle occurring between Ga3+ and Ga1+.19,23 Moreover, these 

changes can better be ascribed to the interaction of the 4s and 4p electrons of Ga with H2 or 

ethylene, therefore leading to changes in unfilled 4p states. Propylene production from an ethylene 

feed was observed on Ga/SiO2 at temperatures greater than 300°C and is most notable at 450°C. 

Higher temperatures lead to a slightly increased selectivity towards propylene. Under these 

conditions, a shoulder is observed in the pre-edge region of the Ga edge XANES, due to the metal-

oxygen bond being replaced by a less electronegative element, for example to form a metal-

hydrogen or metal-carbon bond, leading to an increased electron density on Ga. This leads to an 

increase in the 1s orbital energy and decrease in the π* character of the 4p electrons.  

Similar, though less obvious, changes were also observed in the Zn edge XANES and were 

attributed to the formation of a Zn-hydride. Like Ga, the Zn edge XANES represents a 1s to 4p 

electron transition. Therefore, the changes observed on Zn/SiO2 are analogous to those observed 

on Ga/SiO2 and are consistent with the formation of the same products, though at a slightly 

different distribution. A redox reaction is also not possible on Zn2+, as a stable, nonmetallic, lower 

oxidation state is not available.  

To help support our argument that Ga/SiO2 and Zn/SiO2 can undergo metathesis, a propylene 

feed was used to demonstrate that it produces ethylene and C4
=. While both products were observed 

at reaction temperatures as low as 250°C, reaction temperatures around 450°C led to their 

formation in about a 1:1 ratio, with an increased rate. If metathesis is truly responsible for this 

reactivity, an alkylidene intermediate must be formed in situ. The increasing ratio of ethylene to 

C4
= with reaction temperature suggests that the surface coverage of the active intermediate 

increases with temperature.  

While few instances of molecular compounds containing Ga or Zn methylidene have been 

reported in literature, these materials are not generally known to exist without being directly 

synthesized.24,25 One report on GaAs(100) semiconductors shows that it facilitated the in situ  

formation of Ga methylamine which led to the formation of higher olefins.26 Later, this was shown 

to be due to multiple C-H bond activations, which can occur in the presence of solvents and at 

ambient temperature.25 Here, a gas phase reaction is performed and high temperatures are required 
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to observe such metathesis products, which suggests that the alkylidene is formed in large enough 

concentrations to facilitate metathesis under those conditions.  

The alkylidene is typically a stable ligand on high oxidation state metal centers with unpaired 

d electrons and the resulting M=C bond is polarized such that the alpha carbon bears a partial 

negative charge. Such complexes are usually electron deficient or contain  donating ligands.27,28 

Conversely, Ga3+ and Zn2+ have no unpaired d electrons, which suggests that unpaired p electrons 

allow for the correct orbital overlap and symmetry with the p electrons in the C of ethylene 

facilitate this chemistry in situ (Figure 5.5).29,30  

There are two types of alkylidenes.31,32 For the Fischer alkylidene, there are a pair of electrons 

in the sp2 orbital of the carbon atom, which donates to one empty d orbital of the metal. In the 

meantime, a pair of d electrons from the metal back donate to the unfilled p orbital of the C atom, 

forming a M=C double bond. Here, the carbon tends to be positively charged. For the Schrock 

type alkylidene, on the carbon atom there is one electron in the p orbital, and one electron in the 

sp3 orbital. The metal also has two electrons, with one in each d orbital. The interaction between 

these electrons forms a M=C double bond. Two covalent bonds are formed, each polarized towards 

the carbon, giving it a negative charge. Neither case contains two electrons in a p orbital.  

We believe on Ga/SiO2 or Zn/SiO2, the O atom in O-Ga-CH2-CH3 takes one proton from the 

-C atom. That leaves the -carbon atoms two electrons in the p orbital. When the O atom takes 

the proton, the Ga-O bond also breaks, and the two electrons in the Ga-O bond go with the O atom, 

leaving Ga with one empty orbital. After those bonds break, both Ga and C change from sp3 

hybridization to sp2. The Ga has an empty 4p orbital, and the C atoms has a filled 2p orbital. Those 

two orbitals will overlap and form a  bond. With the previous Ga-C sigma bond, this now forms 

a Ga=C double bond. 
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Figure 5.5. Activation of Ga-alkyl to form methylidene with corresponding orbital symmetry 

compared to traditional metathesis catalysts 

 

It is proposed that the Ga or Zn alkylidene if formed by -hydrogen abstraction, which was 

previously reported on d0 early transition metal compounds to occur under a specific set of 

conditions.20–22 This was related to the homolytic cleavage of a M-C bond. The −hydrogen atom 

is activated when the metal attracts electron density from an alkyl C-H bond. While the unfilled 

5d orbital of transition metals participates in M=C bond formation, it is thought that the presence 

of H2 or olefins reduces the energy of the lowest unoccupied molecular orbital in Ga3+ and Zn2+. 

This would make the orbital energy and symmetry align with that of the empty 4p orbitals of a 

carbenium species and allow for the formation of a M=C bond.   

This would be one of the first reports of high temperature, in situ formation of an alkylidene 

complex to facilitate metathesis. However, neither direct spectroscopic observation of the in situ 

formation of an alkylidene complex nor classical, room temperature metathesis reaction data are 

available. As demonstrated through our work on ethylene oligomerization using the same catalysts, 

the reaction intermediates are not observed at room temperature. Instead, there is a thermal 

equilibrium which is favored at high temperatures. Therefore, although the catalysts are activated 

at high temperature, high concentrations of the active intermediate are not maintained after cooling 

to room temperature, even in a high concentration of H2 or hydrocarbon.   
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5.5 Conclusion 

High temperature olefin reactions on Ga/SiO2 and Zn/SiO2 have multiple reaction pathways. 

Among these, oligomerization occurs. This is significant because neither metal reduces to a 

metallic state, allowing for activity to maintained at temperatures higher than what is commercially 

performed. Interesting product selectivity which arises under high reaction temperatures suggests 

that metathesis occurs leading to the formation of propylene from ethylene and ethylene and C4
= 

from propylene. In an ethylene feed, propylene is observed at temperatures above 300°C. In 

propylene, ethylene and C4
= are formed at temperatures as low as 250°C and increase selectivity 

with reaction temperatures up to 450°C until a 1:1 ratio is achieved.  

Ga3+ and Zn2+ have no unpaired d electrons, which makes this chemistry unprecedented. 

Metathesis requires the formation of an alkylidene intermediate, which was not observed directly 

under reaction conditions. However, the formation of this reaction intermediate is reasonable using 

the 4p electron orbitals of Ga3+ and Zn2+, which are lower in energy and more available for bonding 

in the presence of H2 and olefins. Consequently, the formation of this intermediate occurs under a 

specific set of reaction conditions and is seemingly favored at reaction temperatures greater than 

300°C, where a higher selectivity towards metathesis products is observed.  
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  HIGH TEMPERATURE OLEFIN OLIGOMERIZATION ON SINGLE 

SITE COBALT (II) CATALYSTS 

6.1 Introduction 

Oligomerization is used industrially to upgrade the light olefins produced from processes like 

steam cracking, dehydrogenation, and fluid catalyzed cracking to produce heavier, energy-dense 

olefins. While the catalytic oligomerization of ethylene to produce linear alpha olefins (LAO) is 

one of the most commercially successful processes, producing over 1 million tons annually, many 

oligomerization catalysts produce a wide distribution of products containing even carbon numbers 

up to C14-C20.
1–3 An increasing demand for LAO (1-butene and 1-hexene) has necessitated the 

development of catalysts to selectively oligomerize olefins to obtain controlled product 

distributions.   

Commercial processes utilize Ni-based homogeneous catalysts, though they require chemical 

activators, which often inhibit regenerability and lead to thermal instability.4–8 Consequently, in 

order to obtain a high selectivity for LAO, mild reaction temperatures ranging from 30°C-170°C 

and high pressures (up to 27 atm) are generally utilized.9–11 Although these homogenous Ni2+ 

catalysts offer high oligomerization rates, the selectivity is often tailored to favor low molecular 

weight products.7,12,13 Consequently, new oligomerization catalysts are being developed to replace 

the commercial Ni-based homogeneous catalysts, which have dominated industry for decades.  

The design of heterogenous oligomerization catalysts has been centered around developing 

molecular complexes involving Group 4 to Group 10 transition metals including Ti, Fe, Co, Zr, 

and Hf, where the metal identity is thought to play a critical role in the reaction selectivity and 

catalyst lifetime. These catalysts are often synthesized with targeted alkyl and sterically bulky 

ligands to facilitate specific elementary steps leading to oligomerization. The specific catalyst 

structures are usually maintained by limiting the reaction conditions to those similar to commercial 

processes.14–17   

However, our previous research suggests that heterogeneous, silica-supported single site 

catalysts containing an isolated ion on a support are ideal alternatives to facilitate oligomerization 

with tunable product selectivity and offer flexibility in reaction conditions. These catalysts initiate 

oligomerization by activating C-H and H-H bonds. This means that higher temperatures lead to 

increased oligomerization rates, which is not true for the molecular catalysts.  
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Here, we report that silica supported Co2+ single site catalysts (Co/SiO2) are active for olefin 

oligomerization at temperatures higher than 350°C. Unlike Ni2+, Co/SiO2 is resistant to reduction, 

allowing it to maintain oligomerization activity at high reaction temperatures. Through this, we 

introduce the possibility of tandem catalysis to directly convert alkanes to longer chain olefins, 

which could improve the current oligomer production technology by providing better heat 

management and reducing process costs. 

6.2 Materials and Methods 

6.2.1 Catalyst Preparation 

Single site Co/SiO2 was prepared following standard catalyst synthesis procedures previously 

reported in literature, resulting in a 3.1 wt% catalyst.18 

 Strong electrostatic adsorption (SEA) technique was used to synthesize Co/SiO2. First, 2.50 

g of hexamine cobalt chloride (Co(NH3)6Cl3 – Sigma-Aldrich) were dissolved in 25.0 mL of 

Millipore water in a 50.0 mL beaker while 10.0 g of SiO2 (Davisil 636 silica gel, Sigma-Aldrich, 

35-60 mesh, surface area = 480 m2/g, pore volume = 0.75 cm3/g) were suspended in 50.0 mL of 

Millipore water in a 100 mL beaker. A 30% ammonium hydroxide (NH4OH) solution was then 

added to the SiO2 solution until the pH reached 11. This high pH deprotonates the surface SiOH 

groups and, additionally, adsorbs sites on the charged particle. After the increase in pH, both the 

hexamine cobalt chloride solution and the SiO2 solution were mixed and stirred for 5 minutes to 

ensure proper dispersion. The SiO2 was then decanted from the mixture and the remaining solids 

were triple rinsed with Millipore water before being vacuum filtrated. This solid catalyst was then 

allowed to dry in the oven at 125°C for 12 hours before being calcined at 300°C for 3 hours.  

6.2.2 In Situ X-ray Absorption Spectroscopy (XAS) 

In-situ XAS was performed at the 10-BM sector at the Advanced Photon Source at Argonne 

National Laboratory. All measurements were performed at the Co K (7.709 keV) edge in 

transmission mode in fast scan from 250 eV below the edge to 800 eV above the edge. The catalyst 

was pressed into a stainless-steel sample holder and was then placed into a leak-tight cell with 

valves allowing for gas flow. Co/SiO2 was dehydrated at 550°C in He, cooled to room temperature, 

sealed, and scanned to measure the initial catalyst structure. Subsequent studies were performed 
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by increasing the temperature rapidly in pure H2 from room temperature to 550°C. The catalyst 

was cooled to 300°C in pure H2 and exposed to pure C2H4 once the temperature stabilized.    

The data was processed using the WinXAS v.3.2 software19 to find the coordination number 

and bond distance using standard procedures. Feff6 calculations were performed using CoO 

(CN=6, R=2.13 Å) for reference. A least squared fit for the first shell of r-space and isolated q-

space were performed on the k2 weighted Fourier transform data over the range of 2.7 to 10 Å-1 in 

each spectrum to fit the magnitude and imaginary components. 

6.2.3 H2/D2 Isotope Exchange 

H2/D2 isotopic exchange was performed using a Micromeritics Autochem II 2920 

chemisorption analyzer, equipped with a residual gas analyzer (RGA-Model 200, Stanford 

Research Systems). Approximately 0.050 to 0.100 g of the Co/SiO2 catalysts were loaded into a 

quartz U-tube reactor and initially treated in flowing air (8.3-16.7 cm3s-1 gcat
-1, 99.999% UHP, 

Matheson Tri-Gas) at 500°C for dehydration of the surface. The target temperatures for isotope 

exchange were then increased from 200°C to 550°C, each with a new load of catalyst.  When the 

desired temperature was reached (in flowing He), mixture of 5% H2 in balance Ar was flowed over 

the catalyst for 1 hour. The isotope exchange was switched to 5% D2 in balance Ar for an additional 

1 to 2 hours, until HD detector response reached a baseline. By switching the gases from H2 to D2, 

the chemisorbed H2 on the Co sites reacted with D2 to form HD. This gas switching procedure was 

carried out twice to assure accuracy and stability of the quantified moles over time. Background 

corrections were performed by carrying out the experiments on both the empty quartz tube and 

pure SiO2 loads at the same weight loading. The combination of H2, D2, and HD was detected 

using the RGA. The H2 and D2 consumption corresponded to the HD formation stoichiometrically. 

Thus, the moles of HD formed for each experiment were averaged and normalized by the moles 

of Co in the Co/SiO2 samples.  
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6.2.4 Catalyst Evaluation – Propane Dehydrogenation and Propylene Hydrogenation 

Propane dehydrogenation and propylene hydrogenation tests were both carried out in a 

continuous flow fixed-bed reactor in a vertical, 3/8-inch outer diameter glass reactor tube. The 

reactor tube was loaded with Co/SiO2 and SiO2 for a total mass of 1.0 g.  

Propane dehydrogenation was performed using 3% C3H8 and 1% H2 (with the balance in N2) 

at 1 atm with a loading mixture of 0.100 g Co/SiO2 and 0.900 g SiO2. First, the catalyst was 

increased to 100°C in 100 cm3/min of N2 and held for 15 minutes to dehydrate the catalyst. Then, 

the temperature was ramped up to 550°C in either 100 cm3/min H2 or N2 and held for 30 minutes 

until the temperature stabilized. The reaction was performed at 550°C under atmospheric pressure 

with various flowrates of C3H8, H2, and N2.  

Propylene hydrogenation was performed using 1% C3H6 and 3% H2 and had a catalyst bed 

mixture of 0.250 g Co/SiO2 and 0.750 g SiO2. The catalyst was dehydrated in 100 cm3/min of N2 

at 100oC for 15 minutes before pretreatment. There were three different pretreatments for the 

propylene hydrogenation tests: (1) increased temperature to 200°C in 100 cm3/min of N2 and held 

for an hour, (2) increased temperature to 200°C in 100 cm3/min of H2 and held for an hour, and (3) 

increased temperature to 550oC in 100 cm3/min of H2 and held for an hour before being cooled to 

200°C. All hydrogenation reactions were performed at 200°C with 70 cm3/min of H2, 22 cm3/min 

of C3H8, and 12 cm3/min of N2 at 1 atm.  

The products were analyzed with a Hewlett Packard (HP) 6890 Series GC with a Restek Rt-

Alumina Bond/Na2SO4 GC column (30 m in length, 0.32 mm inner diameter, and 0.5 μm film 

thickness). Then, conversion (X) and selectivity (S) rates were calculated for the desired products. 

Conversion was calculated by the molar difference between the hydrocarbon reactant (propane for 

dehydrogenation or propylene for hydrogenation) in the inlet and outlet (Equation 6.1). The 

selectivity of propane and propylene was determined from the gas product distribution (Equation 

6.2). Turnover rates (TOR) were calculated on differential conversions (Equation 6.3). 

 

X =
moles of reactant in inlet−moles of propane in outlet

moles of propane in inlet
∗ 100%               6.1 

                  S=
moles of C3H6

moles of C3H6+
2*moles of C2

3
+ 

moles of CH4
3

*100%                    6.2 

    TOR=
moles of ethylene converted

moles of Co in CO/SiO2
*100%         6.3 
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6.2.5 Catalyst Evaluation – Olefin Oligomerization 

Oligomerization tests were performed at atmospheric pressure in pure ethylene or pure 

propylene using a fixed bed reactor of 3/8-inch outer diameter. The weight of catalyst loaded into 

the reactor ranged from 0.5 g to 1 g and was diluted with silica to reach a total of 1 g. The catalyst 

was treated in 50 ccm of N2 while it ramped to 250°C for the reaction. The reaction was performed 

in 100% C2H4 using GHSVs ranging from 0.08 s-1 to 0.38 s-1. Products from the atmospheric 

pressure reactor were analyzed with a Hewlett Packard (HP) 6890 Series gas chromatograph (GC) 

using a flame ionization detector (FID) with an Agilent HP-Al/S column (25 m in length, 0.32 mm 

inner diameter, and 8 µm film thickness).  

Oligomerization was also performed in a high-pressure-capable, fixed bed reactor of 1/2-inch 

outer diameter. Up to 2 g of catalyst was loaded into the reactor. The reactor was pressurized to 

500 psig (34 atm) and the catalyst was treated in 100 ccm of N2 while it ramped to the desired 

temperature (300°C – 500°C) for the reaction. The reaction was performed in a mixture of 10 ccm 

5% CH4/N2 for an internal standard and varying flowrates of 100% C2H4 (10-50 ccm) at a total 

pressure of 500 psig. Products were analyzed with a Hewlett Packard (HP) 7890 Series gas 

chromatograph (GC) using a flame ionization detector (FID) with an Agilent HP-1 column (60 m 

in length, 0.32 mm inner diameter, and 25 µm film thickness). Conversion and selectivity using 

Equations 6.4 and 6.5. TOF (turnover frequency) was also calculated as shown below by Equation 

6.6. 

ethylene conversion (%) =
moles of carbon in the overall detected products

overall moles of carbon detected at the outlet
* 100%      6.4 

𝐶𝑛selectivity=
moles of carbon in Cn group

moles of carbon in the overall detected products
*100%              6.5 

TOF= 
moles of ethylene converted

moles of Co in Co/𝑆𝑖𝑂2
*100%              6.6 

6.3 Results 

6.3.1 Initial Catalyst Structure 

XAS was performed at the Co K edge (7.709 keV) for Co/SiO2 dehydration at 550°C in He 

to measure the initial catalyst structure. The XANES provides information about the oxidation 
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state and coordination geometry, while the EXAFS provides information about the coordination 

and bond distance.  

The XANES of Co/SiO2 was compared to that of CoO (Co2+, Oh). CoO has a XANES energy 

of 7.721 keV. In addition, Co2+ in CoO has a small pre-edge feature at 7.7097 keV. Co/SiO2 has a 

XANES energy of 7.721 keV and a pre-edge feature at 7.708 keV (Figure 6.1a), which is consistent 

with tetrahedral (Td) Co2+. The pre-edge energy varies slightly with coordination geometry, which 

is determined by EXAFS. According to the crystal field theory, for Co2+ (d7), the partially filled 

eg orbitals in the octahedral (Oh) geometry have a higher energy than the t orbitals in the Td 

geometry. The pre-edge is the 1s-eg transition in Oh and the 1s-t transition in Td. Therefore, the 

pre-edge energy of Td complexes is lower than those of Oh geometry, as has been also observed 

on Ni/SiO2 compared to NiO.20 In addition, the intensity of the pre-edge feature is higher for Td 

compounds than Oh compounds because the centrosymmetry of the Oh does not allow for d-p 

mixing. Td is not centrosymmetric, allowing for d-p mixing and higher p orbital contributions.21,22 

CoO has 6 Co-O bonds at 2.13 Å (Oh). The k2 weighted EXAFS of Co/SiO2 (Figure 6.1b) 

was fit to determine that there are 4 Co-O bonds at 1.97 Å (Table 6.1). In addition, the EXAFS for 

Co/SiO2 lacks Co-O-Co second shell scattering, which is present in CoO. The structure of Co/SiO2 

is consistent with Co2+ having on 4 Co-O bonds to the support and is defined as a single site catalyst 

(i.e. isolated Co2+ ion bound to the SiO2 support). 
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Figure 6.1. XAS containing A) XANES and B) EXAFS of the dehydrated catalyst (550oC, He) 

compared to a CoO (Co2+) reference 
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Table 6.1. EXAFS fits of the as-prepared structure of Co/SiO2 after dehydration at 550°C in He 

Sample Pre-edge 

Energy 

(keV) 

XANES 

Energy 

(keV) 

Scattering 

Path 

CN R 

(Å) 

𝚫𝝈2 

(Å2) 

𝚫Eo 

(eV) 

 

CoO 7.7097 7.7210 Co-O 6.0 2.13 - - Co2+ 

(Oh) 12.0 3.03 - - 

Co/SiO2 7.7093 7.7171 Co-O 4.0 1.97 0.006 -4.2 Co2+ 

(Td) 

* CoO are references of known structures 

 

The 4-coordinate, tetrahedral structure, with no evidence of Co-O-Co higher shell bonds of 

Co/SiO2 is consistent with previous single site structures reported for Co2+ dehydrogenation 

catalysts.18,23 This is also consistent with the structures of other silica supported single site catalysts 

recently studied within this group (Ga3+, Zn2+, Ni2+).  

6.3.2 Propane Dehydrogenation and Propylene Hydrogenation 

Propane dehydrogenation was performed with and without H2 cofeed to evaluate the 

selectivity toward propylene. Dehydrogenation in the presence of H2 is a more rigorous way to test 

for selective performance towards the production of propylene, since the presence of H2 promotes 

the side reaction, hydrogenolysis. High propylene selectivity (98%) was maintained in propane 

dehydrogenation at 550°C, even in a reactant stream containing 3% C3H8 and 2% H2 in N2. In 

addition, the activity of Co/SiO2 gradually increased with time, although Co/SiO2 was not tested 

for longer than 4 hours, as has been done previously.18 The turnover rates (TOR) for Co/SiO2 was 

calculated by normalizing the amount of propylene production by the moles of metal on the surface 

of the catalyst (3.1%). At 5% conversion, the propylene selectivity was 98% and the TOR was 0.8 

h-1.  

Co/SiO2 also performs the microscopic reverse reaction of propane dehydrogenation 

(propylene hydrogenation) at lower reaction temperatures. Propane was the only product 

indicating few side reactions occurred at 200°C. The influence of H2 pretreatment on propylene 

hydrogenation activity at 200°C was explored to demonstrate how the catalysts behave in the 

presence of H2 (Table 6.2).  
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Table 6.2. Initial TORs for Co/SiO2 at 15% conversion during propylene hydrogenation 

performed at 200°C in 1% C3H6 and 3% H2 after treatment various pretreatments 

Pretreatment Co/SiO2: Initial TOR (1/h) 

200°C N2 1.0 

200°C H2 1.2 

550°C H2 1.3 
 

The initial TOR of the catalysts treated in H2 at 200°C and 550°C was compared to that of the 

dehydrated catalyst (200°C N2). Pretreatment in H2 leads to higher initial TOR than what was 

achieved on the dehydrated catalyst. However, after approximately 30 minutes, the TOR for all 

pretreatment conditions stabilized to approximately the same value.  

6.3.3 Olefin Oligomerization 

Like the structural characterizations, the catalytic rates and selectivities for propane 

dehydrogenation and propylene hydrogenation of Co/SiO2 is very similar to reported 

performance18, reaction intermediates and elementary reaction steps suggesting that these may also 

be catalytic for olefin oligomerization.  

At 1 atm and increasing temperatures between 250°C and 450°C, the space velocity of pure 

C2H4 was varied to control the conversion. Up to 1% conversion was obtained with stable 

performance for at least 40 hours on Co/SiO2. At 250°C, the conversion was negligible (0.1%). 

When the temperature was increased to 350°C, the conversion increased to 0.5%. At 450°C, the 

conversion increased to 1.0% which suggests that high temperature is needed to activate C-H 

bonds and initiate oligomerization (Table 6.3). Turnover rate (TOR) was calculated by normalizing 

the rate of butene formation by the total moles Co. 

 

Table 6.3. Product selectivity at varying conversions for each catalyst during ethylene 

oligomerization at 250°C-450°C and 1 atm (WHSV = 1.8 h-1) 

Temperature 

(°C) 

Conversion 

(%)* 

Selectivity (%) TOR 

(s-1) 

  Methane 

(CH4) 

Ethane 

(C2H6) 

Propylene 

(C3
=) 

Butenes 

(C4
=) 

Hexenes 

(C6
=) 

Octenes 

(C8
=) 

 

250 0.1 1.0 32.2 0.2 62.2 0.4 0.0 3.0x10-6 

350 0.5 1.5 25.3 0.3 66.9 4.7 1.4 2.1x10-4 

450 0.5 4.0 36.4 0.3 53.2 4.8 1.4 1.0x10-3 
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Co/SiO2 is most selective towards dimers, e.g. butenes (50-60%). Hexenes (C6
=

 ) (5-10%) and 

octenes (C8
=

 )  (1-2%) are also observed. Interestingly, there is also a high selectivity (15-35%) 

towards ethane. At low conversion oligomerization leads to formation of C4
= with an equilibrium 

distribution of 1-butene, cis-2-butene, and trans-2-butene. No isobutene (iC4
=) was observed on 

Co/SiO2, indicating that there is no skeletal isomerization and only olefin isomerization occurs.  

Higher reaction pressures support a higher partial pressure of ethylene. Therefore, while 

spanning the same range of temperatures, oligomerization was performed at 500 psig (34 atm). 

The conversion was most notable at temperatures above 350°C. For example, while the conversion 

was limited to 0.7% at 300°C, it increased to 18% at 375°C and 33% at 400°C. Finally, at 500°C, 

the conversion reached nearly 100% (Table 6.4). Under these temperatures, Co/SiO2 is known to 

be thermally stable, as it can perform alkane dehydrogenation at temperatures up to 600°C. The 

product distribution of the gas phase products was measured (Table 6.4) while the liquid products 

obtained at high ethylene conversion were analyzed offline for a qualitative understanding of the 

higher hydrocarbons formed.  

 

Table 6.4. Product selectivity and conversion for ethylene oligomerization at varying 

temperatures ranging from 300°C-500°C and 34 atm 

T 

(oC) 

WHSV 

(h-1) 

Conv. 

(%) 

TOR 

(s-1) 

Selectivity (%) 

CH4 C2H6 C3
= C4

= C5
= C6

= C7
=+ 

300a 0.4 0.7 4.5 x10-5 0.0 0.0 1.9 38.1 7.5 25.3 25.7 

350a 1.9 3.0 1.0 x10-3 0.0 1.0 2.5 33.9 11.3 25.6 25.0 

350a 1.1 4.6 9.7 x10-4 0.0 1.1 2.4 34.5 11.2 25.6 24.8 

350a 0.2 7.3 2.6 x10-4 0.0 1.8 2.9 40.2 12.2 25.3 17.2 

375a 0.4 18.3 1.3 x10-3 0.1 1.1 5.3 19.0 18.0 29.6 26.8 

375a 0.9 13.5 2.4 x10-3 0.1 1.0 5.1 17.0 14.0 11.7 51.1 

400a 1.9 16.2 5.7 x10-3 0.2 2.4 10.6 34.2 22.8 19.6 10.2 

400a 0.9 19.1 3.4 x10-3 0.7 3.5 20.9 30.2 11.6 4.2 28.9 

400a 0.4 32.7 2.3 x10-3 0.4 1.6 9.0 16.2 11.4 21.6 39.7 

425b 9.4 86.9 1.5 x10-1 0.5 0.9 2.9 3.5 6.9 5.2 80.0 

450b 5.6 98.5 1.0 x10-1 6.5 9.2 9.7 17.6 2.5 13.0 40.8 

500a 2.8 99.3 1.0 x10-1 7.8 11.2 10.6 4.9 2.0 8.4 54.5 
a Catalyst loading: 2.00 g of Co/SiO2. 

b Catalyst loading: 1.00g of Co/SiO2. 
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At 300oC, Co/SiO2 has a 0.7% conversion under 500 psi of C2H4 and most of the products are 

the expected oligomers, with C4
=, C6

= and C8
= production. Small fractions of C3 and C3

= (propane 

and propylene), C5
= and C7

= are detected. As the temperature increases to 350oC, the conversion 

ranges between 3.0% and 7.3%, depending on the space velocities. At this temperature, the C4
= 

and C6
= isomers are still the highest yield product and maintain the same proportion observed for 

the lower temperature, around 30 to 40% and 25%, respectively. An increase in C5
= and the 

formation of ethane are also observed. The amount of C5
= isomers increases to about 12%, while 

a small yield, 1.5% of ethane forms. The yield of products higher than C7
= are about 17 to 25%.  

At 400oC, the conversion increases significantly. An increase of 5 times, from 10 ccm to 50 

ccm, in the flowrate decreases conversion by about a half, from 33% to 16%. The trend observed 

in C4 and C6 products at higher temperatures are like those at lower temperature, and at 16.2% 

conversion the selectivity is about 34% and 20%, respectively. However, the selectivity of C3 and 

C5 products increased significantly, to 11% and 23% respectively, and the selectivity of C7+ 

products decreased to 10%. As the conversion reached 32%, the amount of C4 olefin isomers and 

C5 decreased to 17% and 11%, while C6 slightly increased and C7+ increased significantly. The C3 

and C2H6 production remained roughly the same, while a trace amount of CH4 was produced.  

At 500oC at a WHSV of 34.1h-1, at nearly complete conversion (99.4%) of C2H4, 5% of the 

products are C4 olefin isomers with only 2.0% C5 and more than 70% are a mixture of C6
+ olefins. 

A significant increase in the amount of low molecular weight products was also observed, with 

CH4 and C2H6 yields of 8% and 11%, respectively, indicating an increase in thermal cracking. GC-

MS analysis was performed on liquid products and revealed the presence of a mixture of C5 and 

C6 alkanes and alkenes, as well as the presence of some benzene and toluene products.  Thus, as 

the conversion increases at high temperatures, an increase in light alkanes and higher molecular 

weights are observed due to additional increased side reactions, e.g., thermal cracking, 

isomerization and aromatization. 

Likewise, propylene oligomerization was performed at 250°C-450°C and atmospheric 

pressure with product selectivities, consistent with oligomerization (Table 6.5). 
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Table 6.5. Product selectivity at varying conversions for each catalyst during propylene 

oligomerization at 250°C - 450°C and 1 atm (WHSV = 1.9 h-1) 
Temperature 

(°C) 

Conversion 

(%)* 

Selectivity (%) TOR 

(s-1) 

  CH4 C2
= C3H8 C4

= C6
= C9

= C12
=  

250 0.5 3.5 0.6 29.5 4.3 35.9 24.1 2.0 2.3x10-6 

350 1.0 1.2 7.8 26.4 13.6 15.3 35.0 1.0 4.3x10-4 

450 2.7 8.1 9.8 41.8 7.7 14.4 18.2 0.1 1.3x10-3 

 

Higher conversion of propylene was observed than ethylene at atmospheric pressure on 

Co/SiO2. In addition, small amounts of products from side reactions were also observed. At 250°C, 

Co/SiO2 was most selective toward C6
= (36%), but the reaction rate was low. Typical 

oligomerization products including C9
= (24%) and C12

= (2%) were also formed. Other products 

including CH4 (4%), C2
= (0.6%), C4

= (4%) and C3H8 (30%) were also observed.  

An increase in temperature also led to an increase in reaction rate. For instance, at 350°C and 

a WHSV of 1.9 h-1, the conversion doubled from 0.5% at 250°C to 1%. In addition, the C6
= 

selectivity decreased from 36% to 15% while the C9
= selectivity increased to from 24% to 35%. 

At 450°C, the conversion further increased to about 3%. Here, the C6
= and C8

= selectivities were 

approximately 15% and 18% respectively.  

For oligomerization using pure olefins (ethylene or propylene) and varying reaction 

conditions, the product distributions on each catalyst can be predicted by determining a Schulz 

Flory coefficient, which inherently compares the rate of olefin insertion, or propagation (𝛼), and 

-hydride elimination, or termination (1 − 𝛼). Higher 𝛼 means that there is a higher tendency to 

form higher molecular weight products. It is noted that 𝛼 is higher for propylene oligomerization 

than ethylene oligomerization at atmospheric pressure and 1% conversion (Figure 6.2).  
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Figure 6.2. Schultz Flory distribution of linear hydrocarbons during A) ethylene and B) 

propylene oligomerization at increasing temperatures (250°C -450°C) and atmospheric pressure 

for 0.1-1% conversion 
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For ethylene oligomerization at atmospheric pressure, the coefficient of propagation (𝛼 ) 

increases from 0.33 at 250°C to 0.38 at 350°C. At 450°C 𝛼 further increases to 0.41. This indicates 

that at higher temperatures, there is an increased formation of higher molecular weight 

hydrocarbons. Similar trends are observed for atmospheric pressure propylene oligomerization 

though 𝛼 is consistently higher at a given reaction temperature. At 250°C 𝛼 is 0.39 and it increases 

to 0.52 and 0.54 at 350°C and 450°C respectively.  

Increased pressure for ethylene oligomerization from 1 atm to 34 atm led to a decrease in 𝛼  

with increasing reaction temperature due to increased side reactions observed with increasing 

ethylene conversion (Figure 6.3).  

 

 

Figure 6.3. Schultz Flory distribution of linear hydrocarbons during ethylene oligomerization at 

increasing temperature and 34 atm forc0.7% conversion at 300oC (black), 7.3% conversion at 

350oC (red), and 16.2% conversion at 400oC (green) 

 

This means that at 34 atm as the temperature increases from 300°C to 350°C and 400°C, 𝛼 

decreases from 0.47 to 0.35 and 0.30 respectively. However, these  were calculated using only 

gas phase productions. Higher conversions led to the increase of higher molecular weight 

hydrocarbons, which were collected as liquids and not included in this analysis. 
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6.3.4 Co/SiO2 Structure Under Reaction Conditions 

Operando XAS was used to identify the structure of Co/SiO2 during the catalytic process. In 

H2 with increasing temperatures from 300°C to 550°C, no changes to the XANES or EXAFS were 

observed. This shows that the catalyst structure does not change at high temperatures, even in the 

presence of H2. In addition, when C2H4 was exposed to the catalyst at 300°C, the structure did not 

change (Figure 6.4). In addition, the absence of second shell metal-oxygen-metal scattering in the 

EXAFS indicates that the single site Co2+ structure is maintained at high temperature in H2. 
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Figure 6.4. Operando XAS for Co/SiO2 at 300°C dehydrated in He and treated sequentially in 

H2 and C2H4 in both A) normalized Co K edge XANES and B) k2 weighted EXAFS 

 

Metal-hydrogen bonds are not detected by EXAFS, and the loss of M-O bonds has been 

suggested to be due for formation of M-H bonds.18,24,25  While changes have been observed in pure 
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H2 on Ga3+ and Zn2+ single site catalysts, Co2+ does not notably change. This could be due to the 

electron configuration of each single site metal. Ga3+ and Zn2+ are d10 and have no unpaired d 

electrons, while Co2+ is d7. The former tends to prefer 4-coordinate geometries while the latter can 

participate in various bonding configurations. Therefore, these results do not exclude the formation 

of Co-H bonds, but instead suggests that if Co-H bonds are formed, the surface coverage is low 

and on average, Co-O bonds are not lost. In addition, it is possible that ethylene assisted hydride 

formation occurs on Co2+, as has been proposed for Ni2+.35 Due to the similarly between C and O, 

M-O and M-C bonds cannot be distinguished by XAS. Therefore, if M-O bonds are lost as M-C 

bonds are gained, the total coordination number would look similar. This would imply that a 

transition state involving C2H3-Co-H is possible. Such transition state could increase the energy 

barrier for Co-H formation, consistent with the low reaction rates.  

Further, identification of how each catalyst reacts with H2 was studied using H2/D2 isotope 

exchange experiments, in which the amount of HD formed corresponds to the number of metal 

hydride sites present on the surface. It was previously demonstrated that as a single site catalyst 

heterolytically dissociates H2, it forms a M-H bond and a proton that coordinates to the M-O-Si 

bond in the support. Protonation of the latter leads to breaking of the M-O bond and formation of 

a new Si-OH group. On Co/SiO2, after H2 treatment at 250°C, about 0.26 mol HD/mol Co was 

formed. This value nearly doubled to 0.56 mol HD/mol Co at 450°C. Thus, the stoichiometric ratio 

suggests that the uptake of H2 absorbed by the catalysts increases with increasing temperature. 

6.4 Discussion 

Consistent with literature for single site Co/SiO2 propane dehydrogenation catalysts, XAS 

indicates the initial, dehydrated structure is a Co2+ ion with 4 Co-O bonds at 1.97 Å to the SiO2 

support. In addition, the Co2+ also does not reduce to metallic Co after treatment in H2 or 

hydrocarbons (e.g. propane or ethylene) at temperatures up to 550C.26 Unlike Ni2+, which begins 

to reduce near 250C, single site Co2+ ions are resistant to reduction to metallic nanoparticles up 

to about 750C, likely due to the distance between Co-Co neighbors.20,27 

On similar single site catalysts, it was previously proposed that H2 is heterolytically 

dissociated across the M-O-Si bond in single site catalysts forming a M-H and Si-O-H.26,28–31 Small 

changes in XAS were interpreted as indirect evidence of M-H, which is an important 

oligomerization reaction intermediate. However, due to its low atomic number, there is no 
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scattering from H atoms in the M-H bond, for example.28,30,31 These changes were not observed 

on the Co/SiO2 catalyst. Instead, when treated in high temperatures and pure H2 or C2H4, the 

average structure observed by XAS remained unchanged. It is possible that low concentrations of 

Co-H have formed, though not spectroscopically detected, as evidenced by Co/SiO2 reaction with 

H2 in H2/D2 isotope exchange experiments. The molar fraction of Co-H is estimated to be about 

0.26 mol/mol of Co at 250C. At 450°C, this increases to 0.56 mol/mol of Co, or about twice as 

much as formed at 250C. While Co/SiO2 can heterolytically dissociate H2, low rates are obtained 

at low temperatures of about 200C and become more significant at temperatures above 350C. 

Through this, we can make a stable, non-reducible, high-temperature oligomerization catalyst.  

Co2+ has been previously explored as an oligomerization catalyst, but frequently requires a 

co-catalyst or contained targeted alkyl ligand to facilitate ethylene oligomerization at lower 

temperatures.32 Here, the catalytic reactivity on Co/SiO2 in both dehydrogenation and 

oligomerization requires high temperatures, and suggests that C-H bonds in paraffins and olefins 

can be activated at temperatures above 300C. In both reaction schemes, Co hydrides and alkyls 

are formed in situ. In the oligomerization reactions reported in this study, the absence of H2 

suggests that it is necessary to first activate a vinyl C-H bond of ethylene, forming a Co-C2H3 and 

Si-O-H. C-H activation of ethylene can occur as low as 300C, as demonstrated by the ethylene 

oligomerization reactivity. At this low temperature, however, the rates and surface coverage are 

low and almost negligible conversion is obtained. Nevertheless, ethylene activation is possible, as 

evidence by olefin hydrogenation activity. As the catalytic performance in olefin oligomerization 

indicates, higher temperatures and pressure favor higher rates and conversions. 

For both heterogeneous and homogeneous catalysts, Co2+ has a much lower intrinsic TOR 

than Ni2+.33 In a recent study by Xu et al 34, CoO clusters supported on N-doped carbon supports 

were reported with maximum conversion of 32% for ethylene oligomerization at 80oC and 31 atm, 

with about 50% C2H4 and balance He. In our study, the single site Co/SiO2 catalysts were evaluated 

at 250°C and 34 atm in 100% C2H4 and displayed negligible ethylene oligomerization conversion. 

Significant conversions were only observed at much higher temperatures, starting at 300°C. 

Previous reports have shown that CoO clusters reduce around 320°C35,36. High conversion for 

ethylene oligomerization for the latter catalyst is only possible since the single site Co2+ is resistant 

to reduction up to high reaction temperature, 750°C.27 
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The Cossee-Arlman mechanism is generally accepted for transition metal-based catalysts, 

such as Ni2+ ions on mesoporous supports, like zeolites.37–39 Initiation is thought to occur by 

heterolytic dissociation of a vinyl C-H bond of ethylene forming a Ni2+-C2H3 and an Al-O(H)-Si 

Bronsted acid site. An additional ethylene insertion and -H elimination give a stoichiometric yield 

of butylene and Ni2+-hydride intermediate. Olefin propagation occurs by additional ethylene 

insertion forming longer Ni2+-alkyl intermediates. -H elimination of these longer alkyl gives the 

oligomerization products, i.e. C6 and C8, and recovers the Ni2+-hydride. In zeolites, even in those 

which prior to reaction do not have Bronsted sites, the formed acid sites lead to secondary reactions 

of the primary oligomer products, e.g, isomerization and cracking, leading to branched olefins and 

olefins with odd carbon numbers, for example, propylene and i-pentene.37 

The results for Co/SiO2 oligomerization are consistent with the Cossee-Arlman mechanism, 

and oligomerization products follow a Schulz Flory distribution.  Propylene hydrogenation suggest 

that Co/SiO2 activate C-H bonds in alkanes and olefins at temperatures as low as 200C. Although 

the intrinsic rate of Co2+ is low, significant catalytic rates are possible at higher reaction 

temperatures since the active site is difficult to reduce to a metallic species. On zeolite catalysts, 

initiation leads to Bronsted acid sites; while on SiO2 supports, initiation leads to non-acidic silanol 

groups. This is expected to lead to a different product distribution. On the former, isomerization 

and cracking occur giving high selectivity to branched and odd numbered olefin products. On 

silica, at low temperature a typical Schulz-Flory product distribution is obtained; while (much) 

higher temperatures favors low selectivity to olefin hydrogenation, hydrogenolysis, isomerization 

and even aromatization products. Finally, Co/SiO2 oligomerization leads to higher molecular 

weight products.  

The reaction intermediates and reaction steps generally accepted for the Cossee-Arlman 

oligomerization mechanism40–42 are similar to those thought responsible for olefin hydrogenation 

and alkane dehydrogenation of heterogeneous single site catalysts26,28–31. For all three reactions 

(olefin oligomerization and hydrogenation and alkane dehydrogenation), metal hydride and alkyl 

intermediates are key intermediates, though the reaction conditions differ. In addition, -hydrogen 

elimination is necessary to yield olefin products by oligomerization and alkane dehydrogenation. 

The proposed relationship between the three pathways is shown in Figure 6.5, where Co-H is 

common amongst the two catalytic cycles. 
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Figure 6.5. Proposed pathways for alkane dehydrogenation, alkene hydrogenation and ethylene 

oligomerization share common Co hydride and Co alkyl reaction intermediates 

 

Although alkane dehydrogenation and olefin oligomerization occur at about the same 

temperature, the former is favored at low pressure, while the latter is favored at high pressure. 

Thus, higher molecular weight products were not observed during dehydrogenation. 

Olefin hydrogenation was previously studied at low temperature and hydrogen partial pressure 

and the rate would be expected to increase with increasing temperature and pressure, for example 

at 500C. During higher temperature oligomerization low selectivity to aromatics suggests that 

small amounts of H2 may also have been produced. These would be expected to saturate olefins 

giving small amounts of alkanes. While H2 was not directly detected, it is likely to be formed 

during the initiation of oligomerization, where butadiene formation is proposed.38 

Interestingly, Co2+ requires a higher reaction temperature and have a lower reaction rate than 

the Ni2+, Ga3+ and Zn2+ single site catalysts recently reported by our group. Theory-based studies 
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suggest that this is attributed to the stability of the d electron orbitals under reaction conditions, 

which could contribute to the instability of Co-H under these conditions.33  

The high temperature stability of Co2+ conceives the possibility of tandem catalysis combining 

dehydrogenation and oligomerization for the direct conversion of alkanes to oligomers. The 

separation of unreacted alkanes and liquid oligomers can be achieved in the absence of a membrane. 

Although high olefin pressures are required for non-trivial oligomerization activity, it is not 

necessarily a detriment to dehydrogenation. Due to thermodynamic limitations, dehydrogenation 

is typically performed at 1 atm. In a system where tandem catalysis is implemented, high pressure 

can shift the equilibrium to favor the production of oligomers while improving the 

dehydrogenation rate. Likewise, with dehydrogenation being highly endothermic and 

oligomerization being highly exothermic, this could provide better heat management in the overall 

reaction pathway. 

6.5 Conclusion 

In this work, we synthesized Co/SiO2 using standard catalyst preparation techniques, which 

had an initial catalyst structure containing 4 Co-O bonds to the SiO2 support and the 

hydrogenation/ dehydrogenation activity was benchmarked against literature to confirm the 

desired initial catalyst structure was single site. Co2+ ions on this catalyst were resistant to 

reduction at high reaction temperatures up to 500C and pure H2 and C2H4, i.e. no metallic Co was 

observed. Here, we report that oligomerization is mechanistically related to alkane 

dehydrogenation and olefin hydrogenation through the formation of metal alkyls and metal 

hydrides, which are typically accepted for both catalytic cycles.  

Traditionally, homogenous olefin oligomerization catalysts are generally tailored to give 

highly selective product distributions, primarily for production of chemical intermediates, for 

example, 1-butene.  Due to the high reaction temperature and multiple catalytic pathways which 

occur on these heterogeneous Co/SiO2 catalysts, high selectivity to a single product seems unlikely.  

However, limited deactivation, facile regenerability and structural stability make this ideal for 

production of transportation fuels, especially, diesel and distillate fuels. With vast amounts of 

ethane available in shale gas production, especially in remote areas, excess olefin production could 

be converted to premium motor fuels by olefin oligomerization on Co/SiO2 catalysts.  The products 

are primarily linear olefins, with small amounts of aromatics. The products are also sulfur free and 



 

 

180 

have no polyaromatic compounds.  Mild hydrogenation of the products yields a premium diesel 

fuel for local markets. 
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 SUMMARY 

This work highlights new catalyst compositions to convert the light alkanes in shale gas to 

fuel-range higher molecular weight hydrocarbons. This is traditionally envisioned as a two-step 

process consisting of dehydrogenation and oligomerization, performed in separate reactors under 

different reaction conditions. The first part of this thesis explores the formation of Pt-Cr bimetallic 

nanoparticles. Through this, it was found that catalysts containing different nominal loadings of 

Cr had different catalyst performance, despite having nearly identical bulk structures by both XAS 

and XRD. While XAS and XRD confirm the presence of bimetallic nanoparticles with a two-phase 

composition (Pt and Pt3Cr), these are insufficient to determine the structure of the catalytic surface. 

To determine the precise structure of the active catalytic surface, a new method of surface analysis 

was developed using bulk characterization techniques.  

Catalyst performance tests of Pt3Cr/SiO2 catalysts in propane dehydrogenation resulted in 

additional minor product formation that were believed to be higher molecular weight hydrocarbons 

attributed to oligomerization. This is reasonable because the Pt3Cr/SiO2 has residual Cr2O3 and 

Cr3+ single sites on the SiO2, which were previously reported to be active in oligomerization. 

Similar results have been seen on the Pt3Co/SiO2 and Pt3Fe/SiO2 alloys explored in our group, 

where residual Co2+ and Fe2+ single sites were on the SiO2 respectively. This has led to interest in 

single site catalysts for oligomerization to convert the olefins produced by dehydrogenation to fuel 

ranged products, including long-chain, linear paraffins and olefins (diesel), in addition to branched 

products and aromatics (gasoline). 

Therefore, the second part of this thesis aims to convert the olefins obtained by 

dehydrogenation to higher molecular weight hydrocarbons using silica supported single site 

catalysts. Single site catalysts were previously shown to perform dehydrogenation but have much 

lower rates than Pt-based catalysts. Here, single site Ga3+, Zn2+, and Co2+ were explored and 

compared to Ni2+. It is unprecedented for main group metals like Ga3+ and Zn2+ to perform 

oligomerization. In addition, the product distributions vary significantly across these catalysts. A 

mechanistic understanding of oligomerization on these catalysts was developed by using advanced 

in situ characterizations to identify relevant reaction intermediates and the conditions in which 

they form (i.e. metal hydrides and metal alkyls). 

Key conclusions of this work are discussed in further detail below.  
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7.1 The formation of bimetallic nanoparticles and implications on synthesis  

Understanding the formation of bimetallic catalysts, especially on the nanoscale, begins with 

detailed characterizations of the catalyst structure. Advanced characterizations using synchrotron 

radiation (XAS and XRD) are powerful tools for identifying the structures of small nanoparticles. 

Specifically, it is important to determine if the nanoparticles contain an ordered phase (alloy) or a 

disordered phase (solid solution). For the former, the appropriate morphology and phase must also 

be assigned. Sometimes, more than one phase can be present, so it is important to determine if the 

phase containing the promoter is on the surface. In this thesis, 3-5 nm Pt-Cr nanoparticles are 

explored. Although the alloys explored in literature frequently use post transition metal promoters 

(e.g. In, Zn, Sn), Cr is a transition metal and is challenging to reduce. In the former, high 

reducibility of the promoter oxide leads to the formation of multiple phases (e.g. PtM, Pt3M) and 

morphologies (i.e. core shell, full alloy, covered alloy). In the latter, it was difficult to facilitate the 

reduction of CrOx thus forming Pt-Cr bonds. This led to the formation of partial core shells (Pt 

core with Pt3Cr surface) at reduction temperatures less than 550°C, core shells at reduction at 

550°C, and full Pt3Cr alloy at reduction at 800°C. A promoter rich phase was not achieved, as has 

been seen in the past for Pt-In and Pt-Zn. This is critical because it means that the targeted metal 

ratio during synthesis, in addition to how the materials are treated after synthesis, can all change 

the catalyst structure. 

The structural evolution of a catalyst containing 2 wt% Pt and 3 wt% Cr was studied as a 

function of reduction temperature. This was only possible due to the in situ capabilities available 

for XAS and XRD measurements. Through catalyst characterizations of the reduced, oxidized, and 

surface structures, it was noted that Pt nanoparticles form first at low reduction temperatures. 

Although the metal oxides of Pt and Cr are deposited on the SiO2 surface, the reduction of PtOx is 

more kinetically favorable than Cr2O3, thus, Pt is initially reduced. Pt activates H2, reducing Cr2O3 

at lower temperatures than in the absence of Pt, thus facilitating a solid-state reaction. Small 

amounts of metallic Cr are incorporated in the initially formed Pt nanoparticles as low as 250°C. 

At this temperature, the nanoparticles are Pt-rich. The surface analysis, however, indicates that the 

surface has more metallic Cr than the reduced nanoparticle, but that a full monolayer has not yet 

formed. In addition, the EXAFS of the particle interior shows little Cr. These analyses are 

consistent with a mechanism of alloy formation where catalytic reduction of nearby Cr2O3 leads 

to a surface alloy. 
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The incorporation of the promoter begins at the surface and moves toward the core. Low 

temperatures are needed for the reaction for the initial particle to form. Though, because Cr2O3 is 

challenging to reduce, higher temperatures are needed to facilitate full alloy formation. 

7.2 Identifying the precise structure of nanoparticle is critical for understanding their 

reactivity 

Pt and Pt3Cr have similar lattice parameters and are difficult to distinguish in bulk. By XRD, 

the near proximity of monometallic Pt and Pt3Cr reflection positions make it difficult to distinguish 

between the two phases in small nanoparticles. This is addressed by using synchrotron radiation 

to determine the phases present in the nanoparticles at various stages of nanoparticle formation. 

The high flux of the synchrotron XRD gives better signal to noise and the high energy x-rays allow 

for increased sensitivity for heavy scatters, for example, Pt nanoparticles compared to SiO2. 

Likewise, synchrotron XAS is used to determine the local arrangement of Pt atoms. Slight shifts 

in the XANES energy with increasing reduction temperature suggest a greater effect of Cr on the 

Pt nanoparticle, consistent with increased Cr incorporation. However, when two nanoparticles 

have similar structures, these bulk averaged techniques sometimes do not reflect the actual 

nanoparticle structure.  

For instance, in Chapter 2, two Pt-Cr bimetallic catalysts with varying nominal Cr content 

were introduced. Although their catalytic performance was different (i.e. different trends in 

selective behavior), their bulk characterizations were nearly identical. To address this, a method 

of surface analysis was used to identify the precise structure of nanoparticles. This method works 

by reducing nanoparticles at a given temperature and subsequently exposing to air, resulting in 

surface oxidation. The difference between the two raw spectra result in a new spectrum 

corresponding to the active catalytic surface. Through this, it was found that low reduction 

temperatures lead to the formation of core shells, while higher reduction temperatures lead to the 

formation of full alloys. This chapter highlights that a precise understanding of the catalytic surface 

of nanoparticles is critical for relating their structure to activity. Both the composition and 

reduction temperature affect the resulting structure and morphology. 

Chapter 3 presents multiple examples using the surface analysis method for understanding the 

specific structures of nanoparticles. A series of Pt-Co catalysts were prepared with varying 

nominal Co concentrations. Here, it was found that higher concentrations of Co led to more Co 
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rich alloy phases. Unlike the Pt-Cr catalysts, the core of the Pt-Co nanoparticles tended to be more 

Co rich, while the surface structure maintained a Pt3Co phase. Here, multiple ordered phases were 

achieved (i.e. Pt3Co, PtCo). Because CoO is easier to reduce that Cr2O3, the incorporation of the 

former occurred at lower reduction temperatures. Finally, a series of Pt-V catalysts were prepared 

with varying nominal V concentrations. Like Pt-Cr, it was challenging to promote the formation 

of a full Pt3V alloy. This example highlights that to perform experiments studying the electronic 

properties of a catalyst, the precise surface structure must be identified to ensure a single phase 

throughout the nanoparticle otherwise the resulting measurement will be a weighted average of the 

phases present.  

7.3 Geometric effects contribute to high propane dehydrogenation selectivity 

In intermetallic alloy literature, there is a debate over whether geometric or electronic effects 

control the high selectivity of bimetallic catalysts. Though the electronic effects were not studied 

in this thesis, it is proposed that the geometric effects, or breaking up the number of Pt atoms next 

to each other, leads to higher olefin selectivity during propane dehydrogenation. When an alloy is 

formed, the promoter reduced the size of the Pt ensemble. Like the commercially available Pt3Sn 

catalyst, Pt-Cr forms Pt3Cr-both of which are FCC. Although Cr is less electronegative than both 

Pt and Sn, it has fewer electrons (3d), while Sn has more electrons (4p). Therefore, if electrons 

were transferred between Pt and its promoter, it would be expected that Pt-Cr and Pt-Sn would 

behave differently. If electronic properties controlled the catalytic selectivity and the electron 

transfer theory is correct, Cr, which has vacant d-orbitals, will withdraw electron density from Pt. 

This change would increase the density of states, increase the adsorption energy, and increase 

coking rates, which is not favorable for dehydrogenation. The changes expected due to electronic 

effects would not be consistent with those caused by geometric modifications in isolated Pt atoms 

that lead to higher olefin selectivity. A thorough study of Pt-Cr catalysts revealed that those 

containing a full monolayer coverage of Pt3Cr have higher olefin selectivity (> 97%) compared to 

partially covered Pt surfaces (88%). 
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7.4 Dehydrogenation and oligomerization share common reaction intermediates 

Chapters 4 and 6 propose a mechanistic relationship between dehydrogenation and 

oligomerization, both of which have well understood reaction pathways, though a direct 

connection between the two has not been reported. Based on observations seen on the alloy 

catalysts, like Pt-Cr, it is believed that olefin oligomerization could be conducted at reaction 

temperatures typical of alkane dehydrogenation. However, due to different reaction conditions of 

dehydrogenation (500°C -750°C and atmospheric pressure) and oligomerization (150°C -200°C 

and 10-15 atm), there are no known commercial technologies at high temperatures, that alone 

perform both reactions, especially in a single reactor. Single site catalysts were previously shown 

to perform dehydrogenation but have much lower rates than Pt-based catalysts. These are stable at 

high temperatures and the reactions are thought to occur through the same intermediates (metal 

hydrides (M-H) and metal alkyls (M-R)) as oligomerization. The scope the second half of this 

thesis was focused on implementing non-traditional, non-acidic single site catalysts for high 

temperature oligomerization and showing that the M-H is the active species for oligomerization.  

In dehydrogenation (550°C, 1 atm), it has been proposed that an alkane is inserted to the 4-

coordinate single site catalyst metal center, forming a metal alkyl. -hydride elimination to the 

metal alkyl leads to the formation of an olefin and a metal hydride intermediate. The initial 4-

coordinate catalyst structure is reformed by C-H bond activation. In hydrogenation (200°C, 1 atm), 

the microscopic reverse of dehydrogenation that occurs at lower reaction temperatures, the single 

site catalyst can activate H2 to form a metal hydride. Metal hydrides can facilitate olefin insertion 

to form a metal alkyl and produce a paraffin when it is desorbed from the metal surface. The initial 

catalyst structure is reformed. 

Similarly, oligomerization proceeds through the metal hydride intermediate. Ethylene can 

insert to form a metal alkyl intermediate. Sequential insertion (propagation) leads to the formation 

of longer chain olefins, until -H elimination (termination) facilitates the desorption of the reaction 

product. When the metal hydride intermediate is reformed, the catalyst can go through the catalytic 

cycle again.   

Hydrogenation/dehydrogenation and oligomerization are related through the formation of the 

same reaction intermediates and the ability to perform the same elementary reaction steps, though 

different reaction conditions are required. Evidence of Ga-H and Zn-H was determined by XAS, 

IR, and isotope exchange. When the hydride is formed, it can perform subsequent alkylation. 
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However, there is no experimental evidence of Co-H. Experimental and theoretical studies on Ga3+ 

demonstrate that the pre-formation of Ga-H is not necessary to facilitate oligomerization. Instead, 

catalyst initiation can occur by the activation of C-H bonds to form a vinylic metal alkyl. The 

desorption of butadiene leads to the formation of a metal hydride, which can facilitate 

oligomerization. 

7.5 Single site catalysts perform olefin transformation reactions 

The reaction conditions to facilitate oligomerization on Ga3+, Zn2+, and Co2+ were also 

explored in Chapters 4, 5, and 6. On each of these single sites, high reaction temperatures lead to 

higher rates and the formation of unexpected reaction products.  

At 250°C, the reaction rates are low, however, the product distribution is limited to only 

oligomerization catalysts. For instance, while Zn2+, like Ni2+, favors primarily dimerization 

(ethylene to butylene), Ga3+ and Co2+ favor the formation of some higher molecular weight 

hydrocarbons (up to C8
= at 250oC and 1 atm).  Under these conditions, trace methane and alkanes 

are also observed, indicating that H2 is formed in situ. Likewise, reaction rates are ordered such 

that Zn2+~Co2+ < Ga3+ < Ni2+.  

When the reaction temperature is increased to 450°C, Ni2+ cannot perform oligomerization 

because it reduces to Ni0. However, Ga3+, Zn2+, and Co2+ resist reduction. At 450°C and 1 atm, 

reaction rates nearly doubled for all catalysts. Although oligomerization is observed, 

unprecedented products, like propylene, are also formed. This was interpreted as olefin metathesis. 

This was confirmed by performing reactions using propylene, thus leading to the formation of 

ethylene and butylene.  

This chemistry is unprecedented on Ga3+and Zn2+. The heterolytic C-H and H2 bond activation 

is critical for this performance and, therefore, higher reaction rates can be achieved at higher 

reaction temperatures. Through this, it was concluded that a suitable oligomerization catalyst is 

one that has high thermal stability and forms metal-hydrogen and metal-carbon bonds (as has been 

shown for dehydrogenation). Although both Ga3+and Zn2+ are atypical oligomerization catalysts, 

they can form the necessary intermediates required to facilitate the reaction (i.e. metal hydride and 

metal alkyl). By changing the identity of the active metal, we can increase control of the resulting 

product distribution and can lead to variability in the process conditions because unlike Ni2+, 

neither Ga3+ nor Zn2+ will reduce to a lower oxidation state, even at high temperatures in H2.  
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Co2+ is a transition metal like Ni2+, however, does not perform oligomerization under the same 

conditions. While Ni2+ performs oligomerization at low temperature, Co2+ only reacts with 

reasonable rates at higher temperatures.  

7.6 Ending Remarks 

This thesis highlights the synthesis, characterization, and catalytic performance of both 

bimetallic alloy and single site catalysts to be used in dehydrogenation and oligomerization, 

respectively. However, a common thread remains that the precise structure of the active catalyst 

and reaction intermediates is needed to understand the catalytic performance. Through this, the 

determination of structure-function relationships can be made, thus shedding light on catalyst 

design principles needed to control reaction conditions, product distributions, and activity.  
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APPENDIX A. METHOD FOR SURFACE ANALYSIS USING BULK 

TECHNIQUES 

A.1        Description of the Analysis 

While the combination of bulk techniques like XAS and XRD can indicate that two phases 

are present in bimetallic nanoparticles (e.g. Pt and Pt3M), for catalytic applications it is essential 

to determine the composition and structure of the surface. Both XAS and XRD are bulk-averaged 

techniques, so the data reflects an average measurement across the entire particle. However, the 

surface of nanoparticles is sensitive to chemical reactions. For example, if the surface of a Pt-based 

nanoparticle is exposed to air at room temperature, it will surface-oxidize, resulting in the loss of 

Pt-Pt and Pt-M bonds to the formation of Pt-O bonds.1 This works similarly to H2-O2 titration, 

which is commonly used to measure the dispersion of Pt-based nanoparticles.2–4 While this 

technique is a reliable way of measuring the metal surface area during room temperature reactions, 

there are sometimes problems when low concentrations of metals are present, like in commercial 

catalysts (e.g. Pt/Al2O3). While other methods like CO chemisorption could also be used to 

measure the Pt dispersion, the ability to determine the surface area of bimetallic surfaces is 

particularly challenging when the promoter (e.g. Cr, Co, Fe) also absorbs the probe molecule. The 

method of identifying the surface compositions developed within our group is element specific 

and relies on room temperature surface reactions. A visual representation is provided in Figures 

2.8 and 3.3 above.5 While this approach was introduced in Chapter 2 and elaborated upon with 

further case studies in Chapter 3, Appendix A will provide the steps for completing the analysis, 

in addition to the challenges and limitations of this method. 

 

A.2     Example using 2Pt3Cr/SiO2 

XAS provides information about the local geometry of Pt, while XRD indicates the specific 

phases present. In Chapter 2, two Pt-Cr bimetallic catalysts were introduced (2Pt1Cr/SiO2 and 

2Pt3Cr/SiO2). While the former had a low Cr content and never formed a full alloy, the latter had 

increasing Cr incorporation until a core shell (Pt@Pt3Cr) formed after reduction at 550°C and a 

full alloy formed after reduction at 800°C. 

The catalyst structure was measured by XAS and XRD after reduction at increasing 

temperatures and subsequent room temperature exposure to air after each H2 treatment. First, the 
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reduced spectrum provides information about the bulk structure. Typically, experimenters believe 

that this information is enough to understand the complete catalyst structure. However, this does 

not provide information about the catalytic surface, which can vary with synthesis methods, pre-

treatment, and reaction conditions. However, post reduction exposure to air also provides essential 

information. The spectra of an oxidized nanoparticle could be fit directly to learn information about 

the averaged atomic structure of subsurface layers plus the oxidized surface. Taking this a step 

further, the method of difference analysis can be used to identify the surface structure. By 

subtracting the oxidized from reduced spectra, the constant, non-oxidized core is removed so that 

only the remaining surface layer can be analyzed. This is performed by subtracting the oxidized 

from reduced k0-weighted spectrum, which results in a pattern corresponding to the surface of the 

nanoparticle. After the k2-weighted chi spectrum of the difference EXAFS is Fourier transformed, 

the data can be fit to obtain coordination numbers and bond distances corresponding to the surface 

structure. An example of the Fourier transform magnitude of each of these three spectra is provided 

in Figure A.1. 
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Figure A.1. A) Reduced (black) and oxidized (red) Fourier transform magnitude of 2Pt3Cr/SiO2 

and B) difference spectra 

 

From Figure A.1, it is evident that the changes upon oxidation are small. Surface oxidation 

leads to the loss of Pt-M bonds and the formation of Pt-O bonds, which can be used to measure 

the number of surface Pt atoms, or dispersion, since when the nanoparticles are fully oxidized, 

CNPt-O = 4. The subsequent surface oxidation results in a small shoulder at approximately 1.8 Å 
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and a loss of intensity of metal-metal scattering at approximately 2.4 Å and 2.9 Å. If the fit Pt-O 

coordination number was 0.7, then the fraction of oxidized Pt would be 0.7/4 = 0.175, or about 18% 

dispersion. This method of surface oxidation for probing the surface structure works well for small 

particles (2-6 nm), where at least 15% of the atoms are on the surface. For particles < 2 nm, where 

the dispersion is nearly 100%, the complete loss of Pt-M to the formation of Pt-O is observed. The 

coordination number can be used to calculate the dispersion, so it is limited by the accuracy of the 

EXAFS fitting. When the nanoparticles are too large, the dispersion is small and there is a larger 

error in this measurement.  

In order to obtain the difference spectra, the reduced and oxidized spectra must normalized in 

XANES and shifted to the same XANES energy (Eo), which is the inflection point in the 

normalized absorption curve, or where the second derivative reaches 0. Failure to shift the oxidized 

spectra to the same XANES energy as the reduced spectra will result in artificial peaks in the 

Fourier transform magnitude. Once Eo is set for both spectra, a k0-weighted chi can be extracted. 

Then, a difference operation can be performed while interpolating the data array. In WinXAS 

software, the appropriate menu for this is shown in Figure A.2.  

 

Figure A.2. WinXAS window of difference spectrum command 

 

Once the difference analysis is performed, a k0-weighted spectrum will be recovered with 

lower overall intensity than in either of the original spectrum (Figure A.3). This is because, 
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presumably, the unchanged core, which contains metal-metal bonds, is subtracted out. This can be 

k2-weighted and then a Fourier transform can be performed to obtain a spectrum like that in Figure 

A.4. 

 

 

Figure A.3. WinXAS window of k0-weighted chi of the difference spectrum (reduced-oxidized) 
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Figure A.4. WinXAS window of resulting Fourier transform magnitude of the k2-weighted 

difference spectrum 

 

In order to fit the Fourier transform magnitude of the difference spectra, Pt-M and Pt-O 

scattering pairs are needed. The Pt-M and Pt-O scattering pairs can be obtained using experimental 

references. While Pt-O can be obtained from a PtO reference, an appropriate experimental 

reference for a new Pt-M phase is sometimes difficult to determine. Instead, FEFF6, in 

combination with an approximated bond distance obtained from a cif file of a known structure, 

can be used to extract phase (.pha) and amplitude (.amp) files for each scattering pair. Once the 

Pt-O .pha file is created, it must be shifted by  radians to put it in phase with the metal-metal 

bonding from the Pt-M scattering pair. Using WinXAS, the .pha file can be opened and modified 

using the commands shown in Figure A.5. 

 

 

Figure A.5. WinXAS window of shifting Pt-O pha file 

 

The difference Fourier transform magnitude can then be fit in real and imaginary space using 

standard fitting procedures. As has been discussed in Chapter 2, increasing the reduction 

temperature of 2Pt3Cr/SiO2 leads to slightly larger particles with increased Cr incorporation, as 

evidenced through a Pt-Cr/Pt-Pt coordination number ratio at the surface approaching 0.5, which 

is characteristic of a bulk Pt3Cr phase. Similar difference analysis was performed using XRD, 
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which is much more sensitive to particle size. Figure A.6 shows that when the sample was 

subsequently oxidized by XRD, the FWHM decreased, i.e. decreased peak broadening. This holds 

true when the peaks are broad. However, when peaks are sharpened with larger particle size, no 

changes are observed. 

 

 

Figure A.6. Reduced and oxidized XRD as a function of reduction temperature 

 

The decrease in intensity and narrowing of the x-ray reflections is consistent with the loss of 

an ordered metallic phase to the formation of amorphous oxides. The degree of which this change 

decreases with increasing reduction temperature, as the particle size increases. Likewise, it is 

evident that the peak becomes more symmetric n the higher angle side. This suggests that while 

both Pt and Pt3Cr are present in the average nanoparticle structure, a surface reaction is occurring 
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between air and Pt3Cr. Through this method, surface Pt3Cr was identified and a core shell structure 

was confirmed after reduction at temperatures higher than 550°C. The resulting difference XRD 

pattern is obtained from the direct subtraction of the raw data. 

 

A.3   Challenges and Limitations 

Identifying the surface structure of nanoparticles is challenging. While this approach should 

work for any catalytic system where only the surface layer changes with a given reaction, it is 

extremely sensitive to particle size. Particle size is indirectly proportional to the dispersion. For 

example, a 2 nm nanoparticle has a dispersion of about 50%. In order to perform this analysis, the 

particles must be smaller than approximately 6-7 nm and have at least 15% of atoms on the surface. 

In larger particles, only a small fraction of atoms is exposed and the changes resulting from the 

surface reaction are convoluted by the bulk.  

This approach has been used to measure the surface structure (and degree of alloying) on 

varying Pt-M systems (M = Cr, V, Co, Fe) and some Ni-M systems (M = Mo).5–9  While it has 

only been performed using reduction and subsequent room temperature oxidation, it can also be 

performed under reaction conditions (e.g. high temperature and in the presence of hydrocarbons). 

The specific target reaction should be considered to prevent restructuring in the bulk.   
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APPENDIX B. CALCULATING THE SHELL THICKNESS IN CORE 

SHELL NANOPARTICLES 

B.1     Background and Importance 

Quantifying the thickness of the shell in core-shell nanoparticles is important for determining 

the electronic properties of a material.1,2 In many cases, there is an influence of the subsurface 

layer on the properties of the catalytic surface. While Appendix A described the method for 

identifying the composition of the surface structure, it does not provide a method to obtain a 

qualitative understanding. This appendix will go through the calculations to determine the shell 

thickness, as has been introduced in Chapter 2.  

 

B.2     Example Calculations and Description 

Chapter 2 describes 2Pt3Cr/SiO2 at increasing reduction temperatures. While below reduction 

at 550°C, a partial core-shell was obtained, reduction at 550°C yielded a core-shell with a Pt3Cr 

shell and Pt core, and reduction at 800°C led to a full Pt3Cr alloy. As the reduction temperature 

increased, the Cr incorporation increased leading to sequentially increasing shell thickness. In 

order to calculate the shell thickness of the core shell, the total particle size is needed (TEM), in 

addition to the number of Pt-Pt and Pt-Cr bonds in both the bulk and surface. For guidance, the 

key variables, which can be obtained by a combination of characterization techniques (TEM, XAS, 

XRD), are illustrated in Figure B.1. 
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Figure B.1. Key variables on core shell nanoparticles 

 

Using 2Pt3Cr/SiO2 after reduction at 550°C as an example, the following variables are key: 

1. Total particle size = 2.5 nm = 25Å 

2. Bulk geometry = 2.4 Pt-Cr bonds and 8.1 Pt-Pt bonds 

3. Surface geometry = 2.4 Pt-Cr bonds and 4.2 Pt-Pt bonds 

4. Pt-Cr bond distance in bulk Pt3Cr = 2.73 Å 

 

The steps for calculating the shell thickness is described below: 

1. Using the total particle size, calculate the volume of the nanoparticle (assuming the 

nanoparticle is a sphere) 

𝑉𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =
4

3
𝜋(

𝑡𝑜𝑡𝑎𝑙 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒

2
)3 

𝑉𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =
4

3
𝜋(

25 Å

2
)3 = 8181 Å3 

 

2. Using the Pt-Cr bond distance in bulk Pt3Cr (Rideal,Pt-Cr), calculate the volume of the unit 

cell (also assuming spherical geometry) 

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 =
4

3
𝜋(

𝑅𝑖𝑑𝑒𝑎𝑙,𝑃𝑡−𝐶𝑟

2
)3 
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𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 =
4

3
𝜋(

2.73 Å

2
)3 = 11 Å3 

 

3. Determine the number of atoms in the total nanoparticle 

#𝐴𝑡𝑜𝑚𝑠𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =
𝑉𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
 

#𝐴𝑡𝑜𝑚𝑠𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =
8181 Å3

11 Å3
= 744 𝑎𝑡𝑜𝑚𝑠 

 

4. Use the bulk XAS ratio to determine the amount of Pt in the core vs. shell 

Assume all 2.4 Pt-Cr bonds is due to alloy formation. In a bulk Pt3Cr structure, 
𝐶𝑁𝑃𝑡−𝐶𝑟

𝐶𝑁𝑃𝑡−𝑃𝑡
=

0.5. Therefore, 
2.4

𝑥
= 0.5 , where x is the number of Pt-Pt bonds due to alloy formation. In 

this case, x = 4.8. If there are 4.8 Pt-Pt bonds due to alloy formation, this means that 
4.8

8.1
 = 

60% of Pt bonding is in the Pt3Cr shell while 40% is in the Pt core.  

 

5. Determine the number of Pt atoms in the core 

#𝐴𝑡𝑜𝑚𝑠𝑐𝑜𝑟𝑒 = %𝑃𝑡𝑐𝑜𝑟𝑒 ∗ #𝐴𝑡𝑜𝑚𝑠𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

#𝐴𝑡𝑜𝑚𝑠𝑐𝑜𝑟𝑒 = 0.4 ∗ 744 𝑎𝑡𝑜𝑚𝑠 = 398 𝑎𝑡𝑜𝑚𝑠 

 

6. Calculate the volume of the core 

𝑉𝑐𝑜𝑟𝑒 = #𝐴𝑡𝑜𝑚𝑠𝑐𝑜𝑟𝑒 ∗ 𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 

𝑉𝑐𝑜𝑟𝑒 = 398 𝑎𝑡𝑜𝑚𝑠 ∗ 11 Å3 = 3272 Å3 

 

7. Calculate the radius of the core 

𝑟𝑐𝑜𝑟𝑒 = (
3

4𝜋
𝑉𝑐𝑜𝑟𝑒)

1
3⁄  

𝑟𝑐𝑜𝑟𝑒 = (
3

4𝜋
3272 Å3)

1
3⁄ = 10 Å 

 

8. Calculate the radius of the shell  

𝑟𝑠ℎ𝑒𝑙𝑙 =
𝑡𝑜𝑡𝑎𝑙 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 − 2𝑟𝑐𝑜𝑟𝑒

2
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𝑟𝑠ℎ𝑒𝑙𝑙 =
25 Å − 2 ∗ 10 Å

2
= 2.5 Å = 0.25 𝑛𝑚 

 

In order to make these approximations, the location of the promoter (i.e. surface or interior) 

must be determined using a combination of XAS and XRD, in addition to the method of surface 

analysis described in Appendix A. The thickness of the shell can be correlated to the promoter 

incorporation and may control the electronic properties of the nanoparticle (i.e. thicker shells lead 

to larger shifts in XANES energy, until a full alloy is formed).   
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APPENDIX C. GA-H FORMATION AND SUBSEQUENT 

OLIGOMERIZATION (SUPPORTING CHAPTER 4)  

Ga-H is considered a key intermediate in facilitating olefin oligomerization. The energy 

landscape of Ga-H formation and the subsequent ethylene oligomerization on the Ga sites 

containing different geometries are outlined in Figures C.1-C.5 and Tables C.1-C.5. The 

heterolytic cleavage of the C(sp2)-H bond in ethylene results in a loss of a Ga-O bond and the 

formation of a vinylic alkyl containing a C atom bearing a negative charge and neighboring 

hydroxyl group (Ga-C2H3). The initial activation of ethylene is endothermic with a free energy 

change of +0.84 eV and the activation barrier of the step is 1.70 eV. The resulting hydroxyl group 

becomes distant from the Ga site such that the resulting Ga-O bond distance increases from 1.88 

Å to 2.92 Å.  

A subsequent ethylene can insert in the Ga-vinyl intermediate. A migratory insertion reaction 

leads to the [Ga-butenyl]+ species. The surface reaction between two ethylene molecules leads to 

the formation of butadiene. -H elimination causes butadiene to desorb from the metal center, thus 

forming a Ga-H intermediate. Here, the migratory insertion of ethylene is the rate limiting step, 

with an intrinsic activation barrier of 2.80 eV. This is consistent with the energy barriers previously 

reported for Zn/SiO2 following an elementary steps with a similar geometry of transition states for 

propane dehydroegnation.3 For Zn/SiO2, there is a 2.0 eV activation barrier for -H elimination on 

a [Zn-propyl]+ intermediate. On the Ga/SiO2 site used in our model, there is a slightly higher barrier 

for -H elimination (2.41 eV), which may be due to the longer attached carbon chain. The effective 

barrier of the formation of Ga-H is approximately 3.46 eV (Figure C.1). Once the Ga-H site is 

formed, it can facilitate subsequent oligomerization. 

The formation of Ga-H has a high energy barrier, likely due to the endothermic nature of the 

first ethylene activation, which results in the high energies of all intermediates in the following 

steps. The formation of Ga-H and butadiene is made favorable on the 4CN Ga site (consistent with 

experimental evidence) by implementing an initial dehydration step between two adjacent Si-OH 

groups (Figure S12). With a low chemical potential of water in the environment, there is high 

thermodynamic favorability in a dehydration reaction initiated by the two adjacent Si-OH groups. 

The intrinsic enthalpy of dehydration is +1.62 eV, and the result is consistent with the dehydration 

calculations based on a similar silica model. Also, the partial pressure of water is estimated to be 
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less than 10-6 atm based on a typical composition of the UHP grade pure ethylene gas cylinder. 

Dehydration was performed using a water partial pressure of 10-9 atm, resulting in a lower free 

energy by approximately 0.2 eV. The effective barrier of the hydride formation decreased from 

3.46 eV to 3.1 eV. Further, due to the amorphous nature of  SiO2 and the limitation of the DFT 

unit cell, there may exist less contained sites that demonstrate an even higher thermodynamic 

favorability of the dehydration process, which further lowers the energy barrier of the formation 

of Ga-H (Figure C.5, Table C.5).
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Figure C.1. Top and side views of key intermediates and transition states of Ga-H formation of 

4CN Ga site (Si = blue, O = red, H= white, Ga = green) 

 

 

 

Table C.1. Bond distances of key intermediates during Ga-H formation of a 4CN Ga site 

 

Intermediate* Bond Length (Å) Free Energy (eV) Energy (eV) 

1a 
Ga – C1 2.22 1.70 0.97 

O1 – H1 1.33 

1b 
Ga – C1 1.98 0.66 -0.07 

O1 – H1 0.96 

1c 

Ga – C1 2.16 3.46 1.73 

Ga – C3 2.03 

Ga – C4 2.36 

1d Ga – C3 2.00 0.59 -1.14 

1e 
Ga – C3 2.05 3.00 1.27 

Ga – H 1.68 

* Intermediates shown in Figure C.1 
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Figure C.2. Top and side views of key intermediates and transition states of Ga-H formation on 

post-dehydrated 4CN Ga site (Si = blue, O = red, H= white, Ga = green) 

 

 

 

Table C.2. Bond distances of key intermediates during Ga-H formation on post-dehydrated 4CN 

Ga site 

Intermediate* Bond Length (Å) Free Energy (eV) Energy (eV) 

2a 
Ga – C1 2.22 1.70 0.97 

O1 – H1 1.33 

2b 
Ga – C1 1.98 0.66 -0.07 

O1 – H1 0.96 

2b – dH Ga – C1 1.96 0.47 1.55 

2c 

Ga – C1 2.10 3.10 3.13 

Ga – C3 2.04 

Ga – C4 2.34 

2d Ga – C3 2.00 0.40 0.43 

2e 
Ga – C3 2.06 2.84 2.87 

Ga – H3 1.71 

* Intermediates shown in Figure C.2
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Figure C.3. Top and side views of key intermediates and transition states of ethylene 

oligomerization on Ga-H generated from post-dehydrated 4CN Ga (Si = blue, O = red, H= white, 

Ga = green) 

 

 

 

Table C.3. Bond distances of key intermediates during ethylene oligomerization on Ga-H 

generated from post-dehydrated 4CN Ga 

Intermediate* Bond 
Length 

(Å) 

Free Energy (eV) Energy (eV) 

3a 
Ga – C1 2.11 1.99 1.07 

Ga – H1 1.68 

3b Ga – C1 1.99 -0.68 -1.61 

3c 

Ga – C1 2.20 2.25 0.43 

Ga – C3 2.03 

Ga – C4 2.22 

3d Ga – C3 1.99 -0.90 -2.71 

3e 
Ga – C3 2.09 1.67 -0.14 

Ga – H2 1.67 

* Intermediates shown in Figure C.3 
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Figure C.4. Top and side views of key intermediates and transition states of ethylene 

oligomerization on Ga-H generated from 4CN Ga (Si = blue, O = red, H= white, Ga = green) 

 

 

 

Table C.4. Bond distances of key intermediates during ethylene oligomerization on Ga-H 

generated from 4CN Ga 

Intermediate* Bond Length (Å) Free Energy (eV) Energy (eV) 

4a 
Ga – C1 2.10 1.94 1.02 

Ga – H1 1.69 

4b Ga – C1 2.00 -0.50 -1.42 

4c 

Ga – C1 2.28 2.48 0.69 

Ga – C3 2.00 

Ga – C4 2.24 

4d Ga – C3 2.00 -0.64 -2.43 

4e 
Ga – C3 2.09 1.69 0.11 

Ga – H2 1.69 

* Intermediates shown in Figure C.4 
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Figure C.5. Top and side views of key intermediates and transition states of ethylene 

oligomerization on a Ga-H located in a less constrained, 3CN environment (Si = blue, O = red, 

H= white, Ga = green) 

 

 

 

Table C.5. Bond distances of key intermediates during ethylene oligomerization on Ga-H 

generated from less constrained, 3CN Ga 

Intermediate* Bond 
Length 

(Å) 

Free Energy (eV) Energy (eV) 

5a 
Ga – C1 2.10 1.30 0.87 

Ga – H1 1.71 

5b Ga – C1 1.98 -0.77 -1.20 

5c 

Ga – C1 2.28 1.14 0.08 

Ga – C3 2.04 

Ga – C4 2.26 

5d Ga – C3 1.98 -1.25 -2.31 

5e 
Ga – C3 2.09 1.10 0.04 

Ga – H2 1.70 

* Intermediates shown in Figure C.5
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Figure C.6 shows the free energy diagram of ethylene oligomerization on Ga-H generated 

from 4CN sites with and without dehydration and from a 3CN site (less constrained) using the 

energies from Tables C.3, C.4, and C.5. While there is no difference in the general shape of the 

three free energy diagrams, the magnitude of the activation energies varies by up to 1.9 eV. The 

difference may be due to the steric hindrance originated from the local constrained environment. 

For example, on the less constrained Ga-H site, as the metal site binds to an ethyl group 

(intermediate 5b in Figure C.5), the α-carbon of the alkyl chain, the Ga atom, and two adjacent 

oxygen atoms form a co-planar geometry. However, the 4CN Ga site contains one additional Ga-

O bond. The ethyl group cannot form a co-planar geometry with two Ga-O bonds. On the 4CN 

site with dehydration, the ethylene activation, ethylene insertion, and b-H elimination steps exhibit 

relatively high intrinsic barriers (1.99, 2.93 and 2.57 eV, respectively). For the less constrained, 

3CN Ga-H site, accompanied with the exothermic nature of the formation of [Ga-n-butyl]+ 

intermediate, the barriers are lowered (1.30, 1.39, and 2.35 eV, respectively).. The DFT analysis 

highlights the possibility of a wide range of kinetic barriers of ethylene oligomerization on Ga-H 

sites with different strain conditions. 

 

Figure C.6. Free energy landscapes of ethylene oligomerization on three types of Ga-H site: Ga-

H formed without (orange, solid) and with (orange, dashed) dehydration, and a Ga-H located in a 

less constrained environment (black, solid) 
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