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Abstract 

 Nanoparticle catalysts have shown to be advantageous over traditional catalysts 

for many reasons and active for a wide variety of reactions.  This thesis describes an 

approach for the synthesis and screening of heterogeneous multimetallic nanoparticle 

catalysts for aromatic hydrogenation activity in a quick and time efficient manner, as well 

as detailed testing and characterization of identified active catalysts.   

Over 90 mono- and bimetallic nanoparticle catalysts supported on alumina were 

screened for toluene hydrogenation activity under ambient conditions.  Through this 

approach, four catalysts were determined to be active: RhPt/Al2O3, RuPt/Al2O3, 

IrPt/Al2O3, and IrRh/Al2O3.  These catalysts were further tested in bulk, and RhPt/Al2O3 

was confirmed to be the catalyst with the highest observed rate of all the bimetallic 

combinations screened.  Further studies were then performed where the metal loading, 

temperature, pressure and substrate to metal ratios were varied to determine the effects of 

these variables on the activity of the RhPt/Al2O3 catalyst, and a CS2 poisoning study was 

performed on this catalyst to determine the number of active sites.  TEM, XPS and BET 

were used to characterize the active catalysts. 

 Based on the success of the developed approach, a series of trimetallic 

nanoparticle catalysts were then synthesized and tested for the hydrogenation of toluene 

under ambient conditions and one trimetallic catalyst was selected for further studies.  

Next, a series of multimetallic nanoparticle catalysts supported on a variety of metal 

oxides were synthesized and screened for catalytic activity.  Using the High Throughput 

Facility at the Centre for Catalysis Research and Innovation at the University of Ottawa, 

72 different catalysts were screened for catalytic activity for the hydrogenation of 



	  

toluene, naphthalene, pyridine, indole, quinoline, thiophene and benzothiophene under 

mild conditions.  Bulk kinetic studies, including temperature and pressure studies, were 

performed using select catalysts for the hydrogenation of naphthalene and quinoline and a 

quinoline loading study was also conducted.  Standard materials characterization 

techniques were used to acquire information about the size and oxidation state of the 

nanoparticle catalysts. 

 To conclude this work, further research directions including expansions of this 

thesis work and further directions for the field of nanoparticle catalysis were suggested. 
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Chapter 1 

General Introduction 

 

This thesis proposes an approach for the combinatorial synthesis and screening of 

mono-, bi- and trimetallic heterogeneous nanoparticle catalysts for the hydrogenation of 

aromatic substrates under mild conditions.  We will present the strategy, catalyst synthesis 

and testing followed by the detailed kinetic and materials characterization of these 

heterogeneous nanoparticle catalysts as an approach to discover new families of 

nanoparticle catalysts in a quick and time efficient manner. 

As an overview of the entire project, this first chapter describes the background 

behind this thesis work.  We will then show some of the current methods for synthesizing 

both soluble and supported nanoparticle catalysts, including their drawbacks, and 

examples from the literature that use these nanoparticle catalysts for aromatic 

hydrogenation.  Then we will focus on the use of metal oxides as catalyst supports, and 

will discuss the chemistry behind the synthesis of metal oxides.  Next, combinatorial 

materials chemistry will be introduced as an approach to synthesizing and screening large 

numbers of new materials in a quick and time efficient manner.  Lastly, we will describe 

how our synthesis and screening approach can lead to the discovery of new families of 

heterogeneous nanoparticle catalysts that are active for aromatic hydrogenation under 

mild conditions. 
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1.1  Background 

Nanoparticle catalysts are advantageous over traditional catalysts for many 

reasons including high surface areas and energies, unique electronic effects and 

potentially lower cost: high surface to volume ratios mean less metal is ‘wasted’ in the 

particle interior, and higher selectivity produces fewer undesirable side products.1,2  The 

composition, size and shape of nanoparticle catalysts can be easily tuned synthetically by 

varying the metal precursor, and the quantity and nature of the chosen ligand.  Typically, 

spherical nanoparticles are thermodynamically favoured during synthesis, so certain 

reaction parameters must be altered to obtain nanoparticles of varying shapes. 

Nanoparticle catalysts are a unique class of catalysts due to their size, they can 

possess properties of both the molecular and the bulk metal, though these properties can 

be size dependent.  Nanoparticle catalysts can also possess properties that are not evident 

in the bulk metal.  One of the best examples of a nanoparticle catalyst demonstrating 

properties not displayed by the bulk metal is gold.  Bulk gold is quite resistant to 

oxidation and other chemical transformations, but once small gold nanoparticles are 

prepared, they are catalytically active for a variety of reactions including oxidations3 and 

hydrogenations.4 

However, not just any size of nanoparticle demonstrates catalytic properties.  It 

has been demonstrated that only nanoparticles within a narrow size range (~2-4 nm) are 

catalytically active.  This was well exemplified by Valden who used Au/TiO2 

nanoparticles of varying sizes for the oxidation of carbon monoxide.5  They found only 

nanoparticles within a narrow size range were catalytically active (Fig. 1.1), and this 
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demonstrates one of the challenges when synthesizing nanoparticle catalysts.  The 

catalytic activity of nanoparticles is size dependent because as the nanoparticle size 

decreases, the surface heterogeneity increases due to a change in the surface atom 

statistics and this in turn increases the surface roughness of the nanoparticle.6  Smaller 

nanoparticles are composed of a higher fraction of coordinatively unsaturated surface 

atoms similar to a stepped single crystal.  This increases the surface roughness while the 

surfaces of larger nanoparticles are terminated by low-index, high coordination surfaces 

with lower surface roughnesses.6  The active sites of the nanoparticle catalysts are the 

coordinatively unsaturated metal atoms present on steps and edges on the surface of a 

nanoparticle.  Furthermore, the activation energy of a reaction also decreases with a 

decrease in particle size.6  

 

Figure 1.1.  CO oxidation turnover frequencies (TOF)s at 300 K as a function of the size 

of the Au clusters supported on a high surface area TiO2 support.5,a 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
a From Valden, M.; Lai, X.; Goodman, D. W., “Onset of catalytic activity of gold clusters 
on titania with the appearance of nonmetallic properties.” Science 1998, 281, 1647-1650.  
Reprinted with permission from AAAS. 
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The small size of catalytically active nanoparticles makes them very interesting as 

catalysts.  Often active nanoparticle catalysts are made from the expensive noble metals 

(e.g., Rh, Pt, or Pd), so it is desirable to waste as little of these expensive metals on the 

interior of a nanoparticle as possible.  With the very small size of catalytically active 

nanoparticles, a large percentage of the metal atoms will be surface atoms, which have the 

potential to be catalytically active, with a minimal amount of the metal being “wasted” as 

interior metals atoms.  For example, for a M0 nanocluster that is composed of about ~300 

atoms, 50% of those atoms are on the surface of the nanocluster.7  Therefore, as the size of 

the nanoparticles decreases, you can get closer and closer to an “all surface” nanoparticle.  

It is widely accepted that active sites of the nanoparticle catalysts are the 

coordinatively unsaturated metal atoms present on steps and edges on the surface of a 

nanoparticle.  A larger number of steps and edges tend to be present on non-spherical 

nanoparticles, so one would anticipate that different nanoparticle shapes would 

demonstrate different catalytic activities.  The El-Sayed group has investigated this effect 

by using Pt nanoparticles of different shapes for an electron-transfer reaction.  They 

examined changes in activation energy and the percent shape change as a function of time 

using tetrahedral, cubic and spherical nanoparticles.8  They found that while the 

nanoparticles with the largest number of edges and corners (tetrahedral nanoparticles) 

were the most active, they possessed a higher surface energy than the spherical 

nanoparticles, so they started to become spherical during the course of a catalytic reaction 

through rapid dissolution and surface reconstruction.  Somorjai and co-workers performed 

a similar study, though instead of studying the activity and activation energy as a function 
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of nanoparticle shape, they investigated how selectivity varies with nanoparticle shape.9  

The hydrogenation of benzene with cubic and cuboctahedral nanoparticles was studied, 

and they found that while both cyclohexane and cyclohexene were produced as 

hydrogenation products using cuboctahedral nanoparticles, only cyclohexane was 

produced when cubic nanoparticles were used.  From these two studies, it can be seen that 

both the selectivity of a catalytic reaction and the activity of a nanoparticle catalyst can be 

influenced by using nanoparticles of different shapes. 

	  

1.2  Approaches to Synthesizing Nanoparticle Catalysts 

There are two different classes of nanoparticle catalysts that are used for catalytic 

reactions: soluble nanoparticle catalysts and supported nanoparticle catalysts.  In this 

section, the two different classes of nanoparticle catalysts will be discussed along with 

their strengths and weaknesses.  Different synthetic approaches to preparing soluble and 

supported catalysts will be addressed, with pertinent examples from the literature as they 

pertain to nanoparticle catalysts used for aromatic hydrogenation. 

 

Soluble Nanoparticle Catalysts 

Homogeneous catalysts are those in which the catalyst is in the same phase as the 

substrate in which it is acting upon, often a solution-solution reaction.  Consequently, this 

requires that the nanoparticles are soluble in solution.  To synthesize these nanoparticles, 

a stabilizer or ligand is required to prevent the aggregation and precipitation of the metal 
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nanoparticles out of solution.  The aggregation occurs because at short interparticle 

distances, the van der Waals forces will cause two metallic nanoparticles to be attracted to 

one another.10  If there are no repulsive forces present that are opposed to the van der 

Waals forces, then nanoparticles will aggregate and precipitate out of solution.   

There are several routes that can be used to prevent the nanoparticles from 

aggregating, and involve using either charge stabilization,7,11,12 steric stabilization13 or a 

combination of the two.  However, the ligands that prevent the aggregation of the 

nanoparticles may also block some of the catalytically active sites on the surface of the 

nanoparticles.14  The challenge then arises in selecting a ligand that will successfully 

prevent the nanoparticles from aggregating under the reaction conditions without blocking 

all of the catalytically active sites.  In addition to blocking some of the catalytic active 

surface sites, the ligand can change the surface chemistry of the nanoparticles which will 

have an influence on the catalytic activity.15  To minimize the effect the ligand has on the 

catalytic activity of  nanoparticles, a minimal amount of ligand must be used.  If too small 

of a quantity of ligand is used, the nanoparticles may demonstrate a higher catalytic 

activity, but they will not be stable in solution for a prolonged period of time.  If too large 

of a quantity of ligand is used, the nanoparticles may be quite stable under harsher 

conditions, but they will not demonstrate an appreciable catalytic activity.  It then 

becomes a compromise between obtaining a high catalytic activity and using stable 

nanoparticle catalysts. 

The synthesis of soluble metallic nanoparticle catalysts is fairly straightforward.  

Typically a metal salt is used as the nanoparticle precursor, and is dissolved in an 

appropriate solvent.  This is followed by addition of the ligand and a reducing agent such 
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as an in situ hydrogen source like sodium borohydride.11,13  Soluble nanoparticle catalysts 

have also been prepared through ligand reduction and displacement from organometallic 

precursors, through electrochemical reduction of metal salts, by thermal or photochemical 

decomposition or by metal vapor synthesis.10,13 

As previously mentioned, there are several routes used to prevent nanoparticle 

aggregation.  One of the routes to preventing nanoparticle aggregation and precipitation 

uses electrostatic repulsion to keep the nanoparticles physically separated.  Electrostatic 

ligands such as halides, carboxylates and polyoxoanions10 are frequently used and 

stabilization occurs because of coordination of the anionic ligands to the coordinatively 

unsaturated metal surface atoms on the metal nanoparticles.13  These ionic stabilizers 

create an electrical double later around the nanoparticles, creating coulombic repulsion, 

and if the electrical potential is high enough then the electrostatic repulsion will prevent 

aggregation (Fig. 1.2).10,13  However, if these charges are perturbed, this may result in 

precipitation of the nanoparticles out of solution. 

 

Figure 1.2.  Schematic representation of electrostatic stabilization.  
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The other common method used to prevent nanoparticle aggregation relies on 

using the steric bulk of the ligand to prevent the nanoparticles from coming into physical 

contact with one another (Fig. 1.3).  Ligands such as polymers (e.g. 

polyvinylpyrrolidione), dendrimers, and large alkylammonium cations are frequently used 

with good success.13  One drawback to using these bulky ligands is they may prevent the 

catalytic substrate from accessing the surface of the nanoparticle.   However, these ligands 

can be used in both aqueous and organic media, while charged ligands are frequently 

limited to aqueous solvents.   

	  

Figure 1.3.  Schematic representation of steric stabilization.  

 

Soluble catalysts do have several advantages over supported catalysts, but they 

also have some serious limitations.  By using different quantities of ligands, one can 

effectively control the shape and size of the nanoparticles.16  Futhermore, soluble 

nanoparticle catalysts can by synthesized under very mild conditions, and also tend to be 

more active under mild conditions.13  They also tend to be more selective for certain 
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catalytic reactions, and are more easily characterized and studied than supported 

catalysts.13  However, as previously mentioned, the ligand can block some of the active 

sites on the surface of the nanoparticle catalyst, consequently decreasing the catalytic 

activity.  It can also be quite challenging to separate the soluble catalyst from the substrate 

and products.17  Finally, these soluble catalysts tend to be less stable at elevated 

temperatures and pressure, which are frequently required for certain catalytic reactions, 

such as arene hydrogenations,13 and industrial applications.   

 

Heterogeneous Nanoparticle Catalysts 

In the case of heterogeneous catalysis, the catalyst is in a different phase than the 

substrate.  This situation could consist of a solid catalyst with the substrate being in a 

liquid or gaseous phase, or a biphasic system in which the catalyst is in one liquid phase, 

and the substrate is in a different liquid phase.  While biphasic systems will be discussed 

briefly, the majority of the discussion will focus on supported nanoparticle catalysts. 

While both unsupported and supported nanoparticle catalysts have demonstrated 

activity for arene hydrogenation, supported catalysts are more robust and also allow for 

easier separation of the catalyst from the reaction mixture enabling the catalyst to be 

more easily recycled.18  In addition, there are important synergistic effects between the 

nanoparticle catalyst and the underlying support.  For example, the acidity of the support, 

electron transfer to and from the support, and epitaxial stress at the nanoparticle-support 

boundary can all have a significant influence on the activity of the catalyst.1,19,20  

Heterogeneous nanoparticle catalysts have been supported on a variety of materials 
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including carbon nanotubes,14,21-26 zeolites,27,28 carbonaceous materials,15,29-31 and metal 

oxides,19,30,32-57 the latter being a very common family of supports currently used for 

bitumen processing catalysts.  Metal oxides such as Al2O3, TiO2 and SiO2 are 

inexpensive, widely available commercially, and allow for control of parameters such as 

substrate acidity and porosity, among others, permitting tuning of catalyst activity.19,20  

Heterogeneous catalysts do have many advantages over homogeneous catalysts.  

Because the heterogeneous catalysts are deposited on a solid material, it is quite easy to 

separate the solid catalyst from the reaction mixture, allowing the catalyst to be easily 

recycled.  Furthermore, no ligands are required to keep the nanoparticles from aggregating 

because the nanoparticles are adhered to the support, so there is potential for an increased 

catalytic activity.  Heterogeneous catalysts also tend to be more robust than homogeneous 

catalysts.  One of the most logical approaches to preparing heterogeneous nanoparticle 

catalysts involves the absorption of the metal nanoparticles onto a solid support.  

However, during the course of the catalytic reaction, leaching of the nanoparticles into the 

reaction solution followed by aggregating of the nanoparticles may occur.17 

There are several methods used to prepare heterogeneous nanoparticle catalysts, 

and they often depend on the type of catalyst support chosen.  Carbon nanotubes are 

attractive as catalyst supports because of their electronic properties, physical and chemical 

stabilities and large surface area structures.14  One method used to prepare catalytic 

nanoparticles on multiwalled carbon nanotubes (MWNTs) involves using a sonicating 

bath to disperse the carbon nanotubes,  followed by addition of a metal salt solution, and a 

boron-containing reducing agent.14,25  Another approach involves loading the carbon 

nanotubes and the metal chloride precursor which was dissolved in water into a stainless 
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steel autoclave.26  The autoclave was purged with nitrogen, then sealed and heated at 400-

450ºC for 2 hours, and then slowly cooled down to room temperature.  Pd and Rh 

nanoparticles have also been supported on carbon nanotubes using a microemulsion-

templated synthesis procedure.23  A different approach involves mixing MWNTs with 

tridecylamine capped Rh nanoparticles followed by microwave treatment.21  Similar to the 

wet impregnation method used to prepare nanoparticles on metal oxides, this method has 

also been used to prepare PtPd nanoparticles on MWNTs.24    

The logic behind using zeolites as nanoparticle catalysts is by confining the 

nanoparticles to the pore and void spaces inside these mesoporous and microporous 

solids, aggregation of the nanoparticles can be successfully prevented.  To prepare 

heterogeneous nanoparticle catalysts using zeolites as the catalyst support, ion exchange 

has been used to exchange the extra framework sodium cations with the transition metal 

cations.  This is followed by reduction of the transition metal cations that were left in the 

cavities of the zeolite.27,28  Often sodium borohydride is used as the reducing agent 

because the sodium cations can then reoccupy the empty cation sites left by the transition 

metal ions after reduction.27,28  A simple impregnation method identical to the 

impregnation method used to prepare metal nanoparticles on metal oxides supports has 

also been used.  Briefly, a solution containing the metal chloride precursor was added to a 

slurry of the zeolite followed by drying under mild conditions and a high temperature 

reduction.41,58   

Carbonaceous materials have also been used as a catalyst support for aromatic 

hydrogenation.  In addition to being a catalyst support, carbon blacks, and active carbon 

have exhibited some activity for the hydrogenation and hydrocracking of model coal 
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compounds under coal liquefaction conditions.31  Nanoparticles on activated carbon have 

been prepared using the conventional impregnation method in which the activated carbon 

support is soaked in solution of the metal precursor followed by reduction of the metal 

precursor.29-31  Rhodium nanoparticles supported on charcoal have also been prepared by 

refluxing preformed colloidal nanoparticles with activated charcoal in methanol.15   

When metal oxides are used as catalyst supports, the traditional route known as 

the impregnation or incipient wetness method involves using a preformed support (i.e., 

Al2O3, TiO2 or SiO2) and then soaking the support in a solution of the desired metal 

salt.19,30,34,37,39,41,47,49,53  Then the metal salt is reduced to give the zero oxidation state metal 

nanoparticles.  While this method is simple, and the preformed supports are quite 

inexpensive, the metal nanoparticles that are formed are only on the surface of the 

support, and are not necessarily adhered very strongly to it.  This can lead to leaching of 

the metal nanoparticles from the surface of the support followed by aggregation and 

precipitation of the nanoparticles out of the solution.  In addition, there is no control over 

the size, shape or monodispersity of the nanoparticles being formed.  On a slight variation 

of this procedure, a tetrairidium cluster was slurried together with alumina, followed by 

evacuation of the solvent and decarbonylation to give Ir4 clusters supported on alumina.44  

In a similar method to the impregnation route, both a preformed support and 

prepared nanoparticles can be used to generate a heterogeneous nanoparticle catalyst.35  

As opposed to soaking the support in a solution of the metal salt, the support is soaked in 

a solution containing the ligand stabilized metal nanoparticles.  While this approach 

allows one to control the size and shape of the nanoparticles by previously preparing them 

using a ligand as a stabilizer, it does have the drawback of having the ligand present once 
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the nanoparticles are adhered to the support surface.  To remove the ligand, heat is often 

used but this may leave carbon residues behind on the surface of the catalyst, and 

successfully removing all of the ligand to leave “clean” nanoparticles is very 

challenging.14  This method has been used to deposit Pt nanoparticles stabilized by 

polyamidoamine dendrimers onto a high surface area silica support.40  The dendrimer was 

then removed by thermal activation.  By using a dendrimer as a ligand and preforming the 

nanoparticles before depositing them on the support, a high degree of control over the size 

of the nanoparticles was obtained.  However, a Pt/SiO2 catalyst was also prepared by 

insipient wetness impregnation of the same Pt precursor onto the same support, and when 

the catalytic activity for the hydrogenation of toluene was compared using the different 

catalysts, there was no appreciable difference in the catalytic activity.  Similarly, this 

method has been used to deposit dendrimer encapsulated Pt-Cu nanoparticles onto 

commercial alumina supports57 and dendrimer encapsulated Pt nanoparticles onto titania 

supports.46 

As previously mentioned, biphasic reactions in which the catalyst is in one liquid 

phase and the substrate is in a different phase are also considered a heterogeneous 

reaction.  While this type of heterogeneous catalysis is less common, several examples do 

exist frequently using ionic liquids as the solvent for the phase containing the nanoparticle 

catalysts.  For example, Rh nanoparticles were synthesized using polyvinylpyrrolidone as 

a ligand in several different hydroxyl-functioned imidazolium ionic liquids for the 

hydrogenation of a variety of substrates.59  The one advantage of this method is it is quite 

facile to separate the products from the ionic liquids, and often decantation will suffice.  

However, to use ionic liquids as the solvent frequently requires the ionic liquid is 
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synthesized and purified before use, introducing more synthetic steps to the preparation of 

the soluble nanoparticle catalysts.  Similarly, Rh nanoparticles in ionic liquids were 

successfully used for the biphasic hydrogenation of benzene,60,61,62 and toluene.61,63  

Biphasic reactions are not limited to using ionic liquids as one of the liquid media.  For 

example, aqueous Rh nanoparticles stabilized by hydroxyalkylammonium salts were used 

for the biphasic hydrogenation of arenes,12,64 and PVP capped aqueous Rh nanoparticles 

were used for the hydrogenation of a variety of different aromatic substrates.65 

 

1. 3  Metal Oxides as Catalyst Supports 

As previously discussed, metal oxides have been widely used as catalyst supports.    

One of the most common methods used to synthesize metal oxides is the sol-gel route, 

which is a versatile solution based process.66  This method has several advantages 

including high purity, homogeneous elemental distribution, controlled porosity, easily 

controlled composition and it allows for the formation of high surface materials at low 

temperatures.67,68  The sol-gel method involves formation of a sol following by cross-

linking to form an oxide gel and there are two steps involved:66  

 Hydrolysis:  M-OR + H2O  M-OH + ROH 

Condensation:   M-OR + M-OH  [M-O-M]n + ROH 

 Si, Al, Ti and B alkoxides are commonly used in the sol-gel process, though Si(OR)4  

compounds, such as tetraexthoxysilane (TEOS), are the most commonly encountered.66  

However, due to the similar electronegativities of Si and O, the hydrolysis rate of Si 
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alkoxides is much slower than the other metal alkoxides.  The general order of reactivity 

for common alkoxides is:66 

Si(OR)4 << Sn(OR)4 ~ Al(OR)3 < Zr(OR)4 < Ti(OR)4 

In other words, the more electropositive metals are more susceptible to nucleophilic 

attack by water, and therefore the hydrolysis of most metal alkoxides is quite quick.66  

There are several ways to control the hydrolysis rate, including varying the ratio of water 

to metal alkoxide, changing the OR groups, or changing the metal coordination number.66 

 As previously mentioned, the hydrolysis of Si alkoxides is quite slow and can 

require several days for the reaction to go to completion.  To increase this rate, either an 

acid or base can be added to act as a catalyst, though the catalyst will affect the properties 

of the final product.  There are two different reaction mechanisms that occur, depending 

upon whether an acid or a base is chosen as the catalyst and both are shown below.  In an 

acid catalyzed reaction (Fig. 1.4), the proton attacks the anionic oxygen that is directly 

connected to the metal ions which leads to the formation of linear chains.66,69  These 

linear chains continue to form until the whole reaction volume is filled with linear oxide 

chains and then gel formation starts at inner chain positions.69  As opposed to this, when a 

base is used as a catalyst, the hydroxide ion attacks directly at the metal ion, so 

condensation occurs at the central positions of the polyoxide chain and not at the terminal 

ends (Fig. 1.5).66,69  This leads to the formation of  small particles, and gel formation does 

not occur until the reaction volume is filled with small particles that begin to aggregate.69  

Generally, using an acid as a catalyst causes the network to form linear or randomly 

branched polymers as opposed to when a base is used in which highly branched clusters 
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form, as can be seen from Fig. 1.6.66  Because using an acid catalyzed synthesis gives rise 

to linear and randomly branched polymers, this route should yield an amorphous, higher-

surface area material than the base catalyzed route.  

 

Figure 1.4.  Reaction mechanism for the acid catalyzed hydrolysis and condensation of a 

silicon alkoxide precursor.66,b 

	  

	  

	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
b With kind permission from Springer Science+Business Media: Materials Chemistry, 
Chapter 2: Solid State Chemistry, 2008, page 66, Bradley D. Fahlman, Fig. 2.43. 
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Figure 1.5.  Reaction mechanism for the base catalyzed hydrolysis and condensation of a 

silicon alkoxide precursor.66,c 

	  

	  

Figure 1.6.  Comparison of the morphology observed by varying the pH of the sol-gel 

process.66,d 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
c With kind permission from Springer Science+Business Media: Materials Chemistry, 
Chapter 2: Solid State Chemistry, 2008, page 67, Bradley D. Fahlman, Fig. 2.44. 
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 As the reaction progresses, the sol will set into a gel.  These reactions are 

typically performed in an alcoholic solvent, so the gel will often contain solvent 

molecules within its structure, and the product at this point in the synthesis is often called 

an alcogel.66  However, at this point in the reaction, the -O-Si-O- framework still tends to 

contain some unreacted alkoxide groups, so the gel must be allowed to further age to 

allow for complete hydrolysis and condensation so that the network is strong enough to 

prevent cracking during drying.66  If the solvent that remains in an alcogel is removed 

through slow evaporation, the resulting material is quite porous and is known as a 

xerogel.66  During drying of the xerogel, it may experience significant shrinking and 

cracking even under mild drying conditions, so it is crucial to remove all of the water 

before the xerogel is further dried to preserve the pore structure.66  Attempts have been 

made to accelerate the hydrolysis and condensation steps of the sol-gel process by 

increasing the gelation temperature or removing solvent under vacuum or a stream of dry 

gas.  However, if the gelation process was accelerated, the pore-size distribution was 

much broader, and the surface areas were much lower.  Therefore, in order to obtain a 

high surface area material with a narrow pore size distribution, the gelation and aging 

processes must be allowed to occur under as mild of conditions as possible along with a 

slow temperature increase during calcination.69   

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
d With kind permission from Springer Science+Business Media: Materials Chemistry, 
Chapter 2: Solid State Chemistry, 2008, page 67, Bradley D. Fahlman, Fig. 2.45. 
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Usually, these gels are not used until they are dehydrated through thermal 

removal of surface –OH groups, followed by a high-temperature annealing to convert the 

amorphous gel into a crystalline material.66  For our purposes, the first heating step is 

performed to remove any remaining solvent, and the high-temperature annealing step is 

not executed.  We wish to have a high surface area, porous material, and that necessitate 

the material remains in its amorphous state and does not become crystalline.  

 

1.4  Combinatorial Materials Chemistry 

A combinatorial approach towards drug discovery has long been applied to the 

pharmaceutical sciences, and involves rapidly screening a large number of potential 

compounds for a desired property.  The advantage of this route is it is much more efficient 

than testing each new material in a linear fashion, and allows for much faster discovery 

times, but it does come with challenges.  There are three main goals of the combinatorial 

materials approach.70  The first goal is the development of new synthesis methods so that 

libraries of materials can be quickly and easily prepared.  Reproducible rapid synthesis is 

a very important aspect of high-throughput screening.  The second goal is to develop new 

methods characterizing the compounds prepared in the library, and the third and most 

challenging goal is detection of desired properties in the library.  There have been a 

number of reviews discussing these challenges and limitations.70-77   

  One of the first examples of this combinatorial approach being applied to 

materials science was the use of a series of physical masks in conjunction with a RF 

magnetron sputtering gun with various target materials and thermal processing to prepare 
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libraries of copper oxide thin films78 and magnetoresistant materials.79  Photolithography, 

specifically photolithographic lift-off methods, followed by annealing have been used to 

generate photoluminescent libraries with a high density of sites.80  Photolithography offers 

the advantages of high spatial resolution and alignment accuracy, however it is more 

costly than some of the other combinatorial synthesis methods.  Libraries of phosphors 

have also been synthesized using a combination of electron beam evaporation, masking 

and subsequent oxidative thermal processing.81,82   

  To measure magnetic properties, specifically superconductivity, a parallel in-line 

four-point probe configuration has been used to measure the resistance at each new 

material as a function of temperature.78  A similar detection system was used and involved 

using a four-probe contact method to measure the resistivity of each sample as a function 

of magnetic field to determine any magnetoresistant properties.79  Photoluminescent 

properties have been determined by taking a photograph of the library under ultraviolet 

irradiation and using a scanning spectrophotometer to identify materials in the library 

possessing luminescent properties.80  Similarly, libraries of potential phosphors have been 

imaged using a CCD camera while exciting luminescence.81,82   

In addition to using a combinatorial approach for the discovery of new 

superconducting films, magnetoresistant materials and phosphors, this approach has also 

been used to synthesize and discover new catalysts.  A sol-gel methodology has been used 

to synthesize amorphous microporous mixed oxides where small amounts of the sols were 

deposited into the small wells on the surface of a slate followed by controlled drying and 

calcination of the catalyst library.83  Three catalytic reactions were examined, 1-hexyne 

hydrogenation at 100ºC, and isooctane and toluene oxidation at 350ºC.  IR thermography 
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was used to identify any active catalysts by looking for temperature changes where 

differences of 0.1K were clearly resolved (Fig. 1.7).  IR thermography has also been used 

to screen for catalytic hydrogen oxidation activity on a library of metals supported on 

alumina pellets.84  

 

 

Figure 1.7.  Emmissivity corrected IR-thermographic image of the catalyst library during 

1-hexyne hydrogenation in the gas phase at 100º C.83,e 

	  

While the majority of researchers typically only report the activity of a catalyst, 

spatially resolved mass spectrometry has been used to study the selective oxidation of 

propene with air using a variety of amorphous microporous mixed oxide type catalysts.85  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
e Holzwarth, A.; Schmidt, H. W.; Maier, W. E., “Detection of catalytic activity in 
combinatorial libraries of heterogeneous catalysts by IR thermography.” Angew. Chem., 
Int. Ed. 1998, 37, 2644-2647.  Copyright Wiley-VCH Verlag GmbH & Co. KGaA.  
Reproduced with permission. 
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A matrix of 33 different catalysts was studied and the oxidation reaction was carried out 

by decreasing the temperature from 550ºC to 250ºC in 15 min.  From the spatially 

resolved mass spectrometry, very different selectivities were observed for different 

components of the catalyst libraries.  More recently, an ink jet printing approach has been 

used to print patterns of oxide precursors onto a fluorine-doped tin oxide conductive glass 

substrate (Fig. 1.8).86  These patterns were then pyrolyzed and were screened for activity 

for the photoelectrolysis of water by scanning a laser over the materials while they were 

submerged in an electrolyte solution and looking for a photocurrent response.  

	  

Figure 1.8.  a) Printing template used for quantifying the optimal stoichiometry in the 

Co-Al-Fe system where known amounts of the components are printed into the individual 

3 mm x 3 mm squares.  b) False color photocurrent map with no applied bias at 532 nm 

in a 0.1 M NaOH solution.86,f  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
f Reprinted with permission from Woodhouse, M.; Parkinson, B. A., “Combinatorial 
discovery and optimization of a complex oxide with water photoelectrolysis activity.” 
Chem. Mater. 2008, 20, 2495-2502.  Copyright 2008 American Chemical Society. 
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1.5  Development of Catalytic Screening Approach 

 From these works described vide supra, it was suggested that by using a 

combinatorial approach a large number of new heterogeneous nanoparticle catalysts 

could be efficiently synthesized and screened for catalytic activity.  When synthesizing 

and testing new catalysts for a particular reaction, there are a large number of variables 

that can be controlled and modified.  For example, when synthesizing a heterogeneous 

nanoparticle catalyst supported on a metal oxide, the type of metal oxide, the metal, type 

of metal precursor, and metal loading can all be altered.  With regard to the actual 

catalytic reaction, the temperature, pressure, solvent, quantity of substrate, and stir speed 

can be varied.  Due to the large number of variables to be controlled, it would be 

incredibly time consuming to screen each new catalyst in a linear fashion.  This is where 

the advantage of using a combinatorial approach is evident.  By using a combinatorial 

approach to synthesize and screen our catalysts, we would be able to determine very 

quickly which catalysts are active for a given reaction.  It is important to remember that 

by using a combinatorial approach in this manner, we are able to determine what is 

catalytically active and what is not, but we do not know anything about the structure of 

the catalysts. 

 

1. 6  Organization of the Thesis 

 Based on the concept described above, this thesis presents a novel approach for 

the synthesis and screening of heterogeneous nanoparticle catalysts for arene 
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hydrogenation activity under mild conditions.  Arene hydrogenation was chosen because 

it is an industrially challenging reaction, especially under mild conditions.  Metal oxides 

were selected as the catalyst supports because they are currently used as industrial 

catalytic supports, are commercially available, and are inexpensive.   

 In Chapter 2, the design of an apparatus that would allow for the synthesis and 

screening of heterogeneous bimetallic nanoparticle catalysts supported on metal oxides 

for aromatic hydrogenation under mild conditions is described.  Once a suitable apparatus 

was designed, a series of bimetallic nanoparticle catalysts supported on alumina were 

synthesized and screened for the hydrogenation of toluene under ambient conditions via 

gas chromatography.  Upon the identification of an active catalyst, further kinetics and 

materials characterization studies were performed. 

 In Chapter 3, the screening approach was expanded to include trimetallic 

catalysts.  From there, we expanded our screening procedure to include mixed metal 

oxides as the catalyst supports and poly- and heteroaromatic substrates.  Utilizing the 

facilities at the Centre for Catalysis Research and Innovation at the University of Ottawa, 

72 mono-, bi- and trimetallic nanoparticle catalysts were screened for catalytic activity 

for 7 different catalytic substrates under mild conditions.  Select catalysts and substrates 

were then chosen for further temperature, pressure and loading studies. 

 Finally, Chapter 4 describes the summary of Chapters 2-3 followed by the 

potential research directions of this thesis work.   
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Chapter 2 

Bimetallic Catalysts for Toluene Hydrogenation 

 

2.1  Introduction 

In northern Alberta, vast areas of land contain oil sands deposits, of which 

bitumen is one of the main components.  There are over 173 billion barrels of recoverable 

reserves represented by the verified deposits in Alberta, which cover approximately 

140,000 square kilometers of land.1  Bitumen is composed of asphaltenes, complex 

arenes, cycloparaffins and other hetero-atom containing compounds of high molecular 

weights, all of which must be removed before most direct uses.2  Specifically, 

hydrogenation of the large polyaromatic hydrocarbons found in bitumen is one of the 

steps involved in upgrading bitumen into synthetic crude oil, and thus this challenging 

catalytic reaction is of great importance to the petrochemical industry.2-5  This reaction is, 

however, difficult due to the stability of the aromatic rings, and thus harsh conditions are 

required in excess of 340ºC and 1000 psi to achieve successful hydrogenation.5  In 

addition, under typical hydrotreating conditions, the hydrogenation reaction becomes 

reversible, so it is not possible to obtain complete hydrogenation of the large 

polyaromatic hydrocarbons due to equilibrium limitations.6  Further complicating 

matters, metal catalysts are vulnerable to poisoning due to the sulfur and nitrogen 

contaminants found in bitumen.7  All these factors increase crude oil costs and thus it is 

of interest to find new families of catalysts that can function with less energy input, are 
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sulfur and nitrogen tolerant, and are selective with respect to the desired hydrogenation 

products.   

 

Bimetallic Nanoparticle Catalysts 

Nanoparticle catalysts have been used for a wide variety of reactions including 

both olefin8,9 and arene5-7,9-64 hydrogenations.  The order of activity of the noble metal 

catalysts that are often used for the heterogeneous hydrogenation of arenes follows the 

order Rh > Ru > Pt > Ni > Pd.28  The use of Rh and Ru nanoparticles for arene 

hydrogenation has been widely reported, while there are fewer examples of Pd, Pt and Ni 

being used.56  Both mono-6,10-50,63,65-74 and bimetallic5,7,11,12,51-55,60 nanoparticle catalysts have 

been studied for arene hydrogenation, and bimetallic catalysts are of particular interest, 

due to the potential for enhanced activity and an increased tolerance to sulfur and 

nitrogen contaminants.7  For example, Yoon demonstrated that a bimetallic RhPd/CNT 

catalyst had an unusually high catalytic activity for the hydrogenation of anthracene at 

147 psi H2 and 25ºC when compared to the monometallic Rh/CNT and Pd/CNT 

catalysts.12  In 2009, Yoon also showed while Au/CNT and Pd/CNT catalysts had a 

negligible activity for the room temperature hydrogenation of benzene, the Pd-Au/CNT 

catalyst had a much higher activity.11 

Several different bimetallic nanoparticle structures can be formed upon the 

introduction of a second metal, including core-shell, alloy and cluster-in-cluster structures 

(Fig. 2.1).  While alloy, and to some extent cluster-in-cluster structures can form simply 

by incorporating a second metal, typically core-shell structures require a more directed 

synthesis.  To prepare core-shell structures, typically a small nanoparticle or “seed” is 
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synthesized first, followed by controlled growth of the shell on top of the nanoparticle 

seed.  When preparing bimetallic nanoparticles it is also critical to make sure that the two 

metals are in physical contact with each other, and that monometallic nanoparticles of the 

two different metals have not been formed. 

 

Figure 2.1.  Various mono- and bimetallic nanoparticle structures. 

 

Monoaromatic Hydrogenation 

The field of arene hydrogenation is well established industrially with a variety of 

heterogeneous catalysts being used (e.g., Raney nickel, metal sulfides, and CoMo, MoW 

and NiMo supported on alumina),2,5,13,75 but relatively harsh conditions are required to 

achieve required catalyst activities.  As a result, there has been interest in developing 

catalysts that are active under milder conditions.  For example, Rh nanoparticles 

stabilized by copolymers demonstrated a TOF (turnover frequency) of 250 h-1 and a TTO 

(total turnover) of 20 000 mol/mol Rh for benzene hydrogenation at 580 psi H2 and 

75ºC.30,31  Magnetically recoverable Rh nanoparticles were very active for benzene 

hydrogenation with a TOF of 825 h-1 at 88 psi H2 and 75ºC.32  Pillai reported a TOF of 

6600 h-1 for benzene hydrogenation and 4950 h-1 for toluene hydrogenation at 290 psi H2 

and 40ºC using Rh nanoparticles on multi-walled carbon nanotubes.10  Ambient 

conditions (15 psi H2, 22ºC) however, are obviously the most challenging for arene 

Monometallic Core-Shell Alloy Cluster-in-
Cluster
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hydrogenation and there are very few examples in the literature.17,18,26-28,72  Roucoux 

showed that unsupported Rh nanoparticles were active for benzene and toluene 

hydrogenation under ambient conditions (15 psi H2, 20ºC) with TOFs of 57 h-1 and 53 h-1, 

respectively (TOF reported as mol H2 per mol of Rh).26  Park used Rh nanoparticles on 

charcoal to hydrogenate benzene and toluene under ambient conditions with TOFs of 600 

h-1 for each substrate (TOF reported as mol of H2 consumed per mol of total metal per 

hour).72 

Shown below (Fig. 2.2) is a proposed mechanism for aromatic hydrogenation 

using a heterogeneous catalyst similar to that proposed by Horiuti-Polanyi.76  The 

reaction begins with hydrogen activation through the dissociative adsorption of hydrogen 

onto the metal surface and adsorption of the aromatic substrate also onto the metal 

surface.  Next, reversible insertion of one of the hydrogen atoms occurs followed by 

irreversible insertion of the second hydrogen atom.  Because no partially hydrogenated 

intermediates were detected during the course of the catalytic reaction, it is unlikely that 

the aromatic substrate desorbs from the surface of the support at this point in the process.  

Then the hydrogen activation and insertion steps continue to occur.  To terminate the 

catalytic cycle, it is likely that reductive elimination occurs giving the fully hydrogenated 

product and the regenerated catalyst.  Support for the pairwise addition of hydrogen 

atoms comes from the use of parahydrogen-induced polarization (PHIP) for study of 

alkene hydrogenation on heterogeneous catalysts.77 
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Figure 2.2.  Proposed mechanism for aromatic hydrogenation using a heterogeneous 

nanoparticle catalyst. 

 

Not only can spilled over hydrogen be used in hydrogenation reactions, it can also 

create active sites on some metal oxide surfaces.68  For polyaromatic hydrocarbons, the 

hydrogenation process is also believed to proceed stepwise with partially hydrogenated 
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intermediates not being detected.20  In addition, aromatic hydrogenation is exothermic, so 

selectivities can be increased by performing the reaction at a lower temperature.20  

At present, a limited number of bimetallic combinations are known to be active as 

nanoparticle arene hydrogenation catalysts.5,7,11,12,51-55,60  It would, therefore be interesting 

to screen a large number of bimetallic combinations, in parallel, to identify new 

bimetallic catalysts active for arene hydrogenation under mild conditions (15 psi H2, 

22ºC).  Taking into account the many possible variables, including the ratio of the two 

metals, metal loading, support types, substrates, etc., it would be incredibly time 

consuming to test each individual catalyst one by one in an empirical fashion.  Recently, 

combinatorial or high-throughput screening has proven to be an efficient means of 

synthesizing and screening large numbers of potential materials for a desired property, 

leading to much shorter discovery times.78-91  Based on the prior success and potential of 

the combinatorial approach for catalyst synthesis and testing, a library of potential 

catalysts could be prepared and tested for arene hydrogenation activity under ambient 

conditions, allowing for efficient identification of active catalysts.  

In this chapter, a variety of mono- and bimetallic nanoparticle catalysts supported 

on alumina were synthesized and assessed using a simple parallel screening approach, 

under ambient conditions, for toluene hydrogenation activity.  In total, 91 catalysts were 

screened using thirteen representative transition metals from the first, second and third 

rows of the periodic table.  One particularly active catalyst was identified and further 

characterized in bulk and studied (kinetics and materials characterizations) and is 

described here. 
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2.2  Results and Discussion 

Catalyst Synthesis and Screening.   

Supported nanoparticle catalysts have been made by a variety of methods, with 

one of the more common methods being the impregnation or incipient wetness 

approach.17,19,92  This method is frequently employed in industrial applications and 

involves impregnation of a prefabricated metal oxide support by an aqueous solutions of 

metal salts.93-95  This is then followed by drying of the catalyst and reduction of the metal 

salts under a flow of hydrogen at elevated temperatures (e.g. 500°C).  Using this 

methodology, pioneering work was performed where several supported bimetallic 

heterogeneous catalysts (Ru-Cu and Ru-Os) were synthesized and were investigated for 

the hydrogenolysis of ethane to methane,93,95 and the dehydrogenation of cyclohexane to 

benzene93 where the effects on the catalytic activity as a function of the composition of 

the catalysts were examined.  This is one of the first examples in the literature where the 

activity of a heterogeneous catalyst was investigated as a function of the composition of 

the catalyst. 

Another approach involves a multi-step synthesis utilizing preformed stabilized 

nanoparticles that are then absorbed to the support.92  In contrast, the in situ one-pot 

method used by Maier and others involves synthesizing the nanoparticles and the support 

simultaneously; the metal precursors and the water-sensitive metal alkoxide are mixed 

together and processed in one batch (Fig. 2.3).83,96,97  These steps were followed by 

hydrolysis and condensation of the metal alkoxide to give the metal oxide in which the 

metal precursor is encapsulated.  The metal precursor is not reduced to nanoparticles until 

the hydrogen anneal step is performed, leading to reduced metal nanoparticles on a metal 



 38 

oxide support.  The advantage of this approach is it is a one-pot method, no stabilizer is 

required for the nanoparticles to form, and it can be performed in laboratory ambient 

conditions, further simplifying the procedure.   

 

Figure 2.3.  Scheme depicting the steps for catalyst synthesis. 

 

For the combinatorial synthesis and screening of these heterogeneous catalysts, 

there were several crucial requirements in the design of the sample holders for us to 

synthesize and screen the nanocatalysts in a one pot in situ approach.  First of all, one of 

the aims behind utilizing a combinatorial approach for the synthesis and screening of the 

nanocatalysts is they be synthesized in small amounts.  Therefore, a sample holder whose 

volume would be sufficient for both synthesis and screening of nanoparticle catalysts was 

required.  To determine the preferred volume of the sample holder, both the volume of 

solvent required for the synthesis, that of the solvent and substrate for the screening had 

to be considered.  In addition, we had decided to monitor the catalytic reactions via gas 

chromatography, which required a minimum reaction volume so that a suitable amount of 

reaction solution could be analyzed to obtain well-resolved peaks in the gas 

chromatograph.  Furthermore, both the sol-gel synthesis and screening required constant 
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stirring.  Due to the scaled down quantities, very small glass coated stir bars were 

required.  The stir bars had to be glass coated because the alumina catalyst support is very 

coarse and if Teflon coated stir bars were used, the Teflon would be worn away.  To 

achieve adequate stirring, the sample holder had to fit on the surface of a stir plate, and 

therefore was limited to dimensions of the stir plate.  In addition, to synthesize the 

catalysts using a one-pot in situ approach, a calcination and hydrogen anneal step were 

required and were performed in a tube furnace.  Due to the dimensions of the quartz tube 

in the tube furnace, the size of the sample holder (specifically the height and width) were 

consequently also limited.  The temperature at which the calcination and hydrogen anneal 

steps were performed also necessitates the stir bars and the sample holder be able to 

undergo these steps without subsequent deformation or melting, thereby demanding that 

they be made out of glass.  Taken into account, all of the aforementioned requirements 

gave rise to the sample holder shown in Fig. 2.4. 

 

Figure 2.4.  Initial screening apparatus.  Each sample holder has a volume of 

approximately 1 ml. 

 

Metal chloride salts were used as the nanoparticle precursors, and over 90 mono- 

and bimetallic nanoparticle catalysts were synthesized and tested for arene hydrogenation 

activity based on the reaction shown at the top of Fig. 2.5.  Since the goal of this work 
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was the development of air stable, easily handled and synthesized catalysts, all steps 

involved exposure to an open atmosphere.  Our initial screening apparatus utilized a 

multi-well glass sample holder, as shown in Fig. 2.4, but cross-contamination by the 

volatile toluene precursor and methylcyclohexane product led to spurious results; a 

system that isolates each vessel was required in which each vessel has its own separate 

gas supply (Figures 2.6 and 2.7).  The set up was very similar to that used previously 

except the sample holders were not connected together, allowing them to be isolated in 

vial capped with a septum.  To allow for easy identification of the active catalysts and 

simple interpretation of the results, a visualization approach of the data was used, with 

the results shown in Fig. 2.5.  The reactions were commenced and arrested after 4 hours 

to identify active catalyst combinations. 

 

 

Figure 2.5.  3D bar graphs a) (top down view) and b) (side view) of screening results.  

The x- and y- axes represent the different transition metals used, with the z- axis showing 

the percent hydrogenation after four hours.  
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Figure 2.6.  Modified sample holder and testing set-up.  Each individual sample holder 

has a volume of approximately 2 ml.  The sample holder was placed in a 20 ml glass vial 

and was capped with a 14/20 septum. 
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Figure 2.7.  Catalyst screening set up.  The seven vials were secured with rubber bands 

and centered on the stir plate.  Each vial has its own gas line to provide H2, effectively 

isolating it from the other vials.  

 

As can be seen from the side view of the bar graphs shown in Fig. 2.5b, there are 

several catalysts that are active, and a large number of inactive combinations under the 

screening conditions.  From the top down view of the 3D bar graph (Fig. 2.5a), it can be 

easily identified that bimetallic catalysts containing Rh were the most consistent for 

activity, with the exception of the RhCu combination.  The deactivation of a catalytically 

active metal upon incorporation of Cu has been observed before with a PtCu bimetallic 

catalyst, and was attributed to an enrichment of catalytically inactive copper on the 

surface of the nanoparticles.98  From the screening results, the most active catalysts were 
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identified to be Rh0.5Pt0.5/Al2O3, Ir0.5Pt0.5/Al2O3, Ru0.5Pt0.5/Al2O3, Ir0.5Rh0.5/Al2O3, and 

Rh1/Al2O3 in order of highest activity to lowest activity, and the results obtained for 

Rh0.5Pt0.5/Al2O3 were performed in triplicate.  It is of note that the monometallic 

Ru1/Al2O3, Pt1/Al2O3 and Ir1/Al2O3 catalysts were inactive for the hydrogenation of 

toluene under these conditions, but upon alloying with Rh or Pt, the bimetallic catalysts 

exhibited a higher activity than either of their parent metals.  For all of the screened 

catalysts, only methylcyclohexane was observed as a hydrogenation product, with no 

partially hydrogenated or ring opening products detected by gas chromatography. 

From the screening results, the four most active bimetallic catalysts 

(Rh0.5Pt0.5/Al2O3, Ir0.5Pt0.5/Al2O3, Ru0.5Pt0.5/Al2O3, and Ir0.5Rh0.5/Al2O3) were then screened 

again using varying ratios of the two metals in 10% increments while holding the metal 

loading constant at 1 mol %.  These results are shown in Fig. 2.8.  In the case of RhIr 

(Fig. 2.8a), the more active catalysts were those that are richer in Rh, whereas with RhPt 

(Fig. 2.8b) the more active catalysts were those that were richer in Pt.  In contrast to these 

trends, with IrPt and RuPt (Fig. 2.8c and 2.8d), the most active catalysts were those that 

have approximately equal amounts of the two metals.  

 

 

 



 44 

 

 

Figure 2.8.  Bar graphs with varying ratios of metals, metal loading held constant at 1 

mol%.  a) IrRh/Al2O3, b) RhPt/Al2O3, c) IrPt/Al2O3, d) RuPt/Al2O3.  The percent 

hydrogenation was measured after 4 hours. 

 

The five most active catalysts (Rh0.5Pt0.5/Al2O3, Ir0.5Pt0.5/Al2O3, Ru0.5Pt0.5/Al2O3, 

Ir0.5Rh0.5/Al2O3, and Rh1/Al2O3) were synthesized and tested in bulk (using ~0.4 g of 

catalyst per reaction) to confirm their activity with the results shown in Table 2.1.  
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temperature in laboratory batch reactors.  The progress of the reactions was monitored 

through gas chromatography in which no partially hydrogenated intermediates were 

detected, only the fully hydrogenated product of methylcyclohexane, which was also 

confirmed for a representative reaction by GC-MS.  The observed rate (obs. rate) relative 

to the methylcyclohexane hydrogenation product was calculated during the first two 

hours of hydrogenation results, where 

 

obs. rate = mol methylcyclohexane / mol metal in catalyst 

time (h) 

 

As can be seen from Table 2.1, entries 1-5, Rh0.5Pt0.5/Al2O3was confirmed to be 

the most active catalyst with an observed rate of 24.9 + 2.8 h-1 based on experiments 

performed in triplicate.  The next most active catalysts were determined to be 

Ir0.5Pt0.5/Al2O3 and Ru0.5Pt0.5/Al2O3 followed by Ir0.5Rh0.5/Al2O3.  The trends in bulk activity 

correspond well with the trends observed for the screening results (Fig. 2.9), validating 

the screening results.  While none of these bimetallic catalysts have been previously 

reported as arene hydrogenation catalysts with the exception of RuPt (Midgley reported 

Ru5Pt1 and Ru10Pt2 to be successful benzene hydrogenation catalysts at 80ºC and 290 psi 

H2 pressure53), it is of note that RuPt nanoparticles have been previously used as a 

catalyst for preferential CO oxidation in the presence of hydrogen feeds,99,100 RhPt 

nanoparticles have been used as CO oxidation catalysts101,102 and the RhPt combination 

has been used as an electrocatalyst for the dehydrogenative oxidation of cyclohexane to 

benzene.103 
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Figure 2.9.  Comparison of trends observed in screening results with those obtained in 

bulk.  Shown in blue are the screening results, with the y-axis representing the % 

hydrogenation after 4 hours.  Shown in red are the bulk results, with the y-axis 

representing the observed rate (obs. rate).  RhPt: 20 + 3% (screening, performed in 

triplicate), 24.9 + 2.8 h-1 (bulk, performed in triplicate).  IrPt: 11.85% (screening), 12.8 h-1 

(bulk).  RuPt: 12% (screening), 12.4 h-1 (bulk).  IrRh: 12.75% (screening), 11.1 h-1 (bulk).  

Rh: 9.9% (screening), 7.7 h-1 (bulk). 

 

Batch Toluene Hydrogenation Results. 

Since the RhPt bimetallic combination led to the highest observed rate, this 

catalyst system was studied in further detail.  Toluene hydrogenation reactions were 

performed on the alumina supported RhPt bimetallic catalyst in bulk in a laboratory batch 

reactor.  Observed rates were measured during the first two hours of the hydrogenation 

reaction and normalized against the number of moles of metal in the catalyst.  A number 
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of parameters were varied, including metal loading, temperature, amount of substrate and 

hydrogen pressure, to determine the effect these variables would have on the observed 

rates of the RhPt catalyst.  A CS2 poisoning study was also performed on the RhPt 

catalyst to determine the number of catalytically active sites in the catalyst.104  The 

hydrogenation of toluene was performed using ethanol as solvent (Table 2.1, entry 6), 

and a decrease in the observed rate of the catalyst was observed; therefore isopropanol 

was used as the solvent for the remainder of this study.  The metal loading of the RhPt 

catalyst was varied between 0.5% and 5% while holding the ratios of Rh and Pt constant 

(Table 2.1, entries 7-9).  It was found that the observed rate increased slightly as the 

loading was decreased to 0.5% but with metal loadings of 2% and 5%, the observed rate 

greatly decreased. 
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Table 2.1.  Batch Toluene Hydrogenation Results.a 

Entry Catalystb Obs. rate 
[h-1] 

% Conv. 
(2 h) 

% Conv.  
(7 h) 

1 Rh1 7.7 17.8 58 

2 Ir0.5Rh0.5 11.1 22.8 36 

3 Ir0.5Pt0.5 12.8 27.2 47 

4 Ru0.5Pt0.5 12.4 23.1 52 

5 Rh0.5Pt0.5
c 24.9 51.3 90 

6 Rh0.5Pt0.5
d 14.6 26.2 54 

7 Rh0.25Pt0.25 27.1 45.4 85.3 

8 Rh1Pt1 6.2 14.4 46.0 

9 Rh2.5Pt2.5 5.0 12.2 42.9 
aReaction conditions: 3.8 x 10-5 mol metal, 10.0 ml isopropanol substrate/cat. = 100:1 = 3.8 x 10-3 mol 
toluene, 22ºC, 15 psi H2 

bAll catalysts were supported on Al2O3, with the subscripts indicating the mol% of the metals. 

cObserved rate based on results obtained in triplicate, and is given as the average of the three results. 

dEthanol used as the solvent instead of isopropanol. 

  

The temperature of the hydrogenation reaction was increased to determine the 

range of temperatures in which the catalyst was active.  Initially, the temperature of the 

hydrogenation reaction was varied in 20-degree increments from 0ºC to 80ºC, and the 

results are shown in Fig. 2.10a.  The observed rate of the reaction increased somewhat 

linearly with respect to temperature, with the maximum rate occurring at 60ºC.  At the 

highest temperature studied (80ºC), there was a substantial decrease in activity, 

suggesting that deactivation of the catalyst was occurring.  To allow for comparison 

among other known arene hydrogenation catalysts, the hydrogenation of toluene was 

examined, in triplicate, between 0ºC and 40ºC to calculate the activation energy.  The 
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initial rates were measured during the first 30 minutes of the toluene hydrogenation 

reaction.  The results were plotted in an Arrhenius plot (Fig. 2.10b), and the activation 

energy was calculated to be 30.4 kJ/mol.  This activation energy is moderate when 

compared to those previously reported for arene hydrogenation.  Dupont, for instance, 

reported an activation energy of 42.0 kJ/mol for the hydrogenation of toluene with Ru 

nanoparticles50 and Somorjai reported activation energies of 34.7 kJ/mol and 45.6 kJ/mol 

for benzene hydrogenation with cuboctahedral and cubic Pt nanoparticles, respectively.29  

Because we obtained a lower activation energy than those commonly encountered in the 

literature, it suggests that a lower amount of energy is required to initiate the 

hydrogenation reaction which is why our bimetallic Rh0.5Pt0.5/Al2O3 catalyst is active 

under ambient conditions while so many catalysts are not. 
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Figure 2.10.  a) Rate as a function of temperature for toluene hydrogenation.  b) 

Arrhenius plot, with the slope of the trend line equaling -3.65.  c) Observed rate as a 

function of the ratio of toluene to metal.  Lines within the plots are drawn merely as a 

visual aide. 
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The molar ratio of toluene to metal in the catalyst was varied at ratios of 50, 200, 

500 and 1000, with the results shown in Fig 2.10c.  The highest observed rates were 

obtained for the ratios of 200 and 500.  When the ratio was further increased to 1000, 

there was a substantial decrease in activity, suggestive of substrate inhibition.  

Preliminary pressure studies were also done, and showed a relatively linear increase in 

reaction rate versus hydrogen pressure (Fig. 2.11).   

 

 

Figure 2.11.  Observed rate as a function of H2 pressure for the hydrogenation of toluene 

using Rh0.5Pt0.5/Al2O3.  The line is drawn as a visual aide. 
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hydrogen consumed as a function of time.  The rates of the unpoisoned Rh0.5Pt0.5/Al2O3 

and 0.5% Rh/Al2O3 catalysts were measured at an initial pressure of 73 psig H2 and 295 

K, and the results are shown in Table 2.2.  Using these rates, the TOFs were calculated 

based on the molar amount of metal used, which was the same for the two different 

catalysts.  As already shown in Table 2.2, the Rh0.5Pt0.5/Al2O3 catalyst is more active, with 

a TOF of 43.8 h-1, than the 0.5% Rh/Al2O3 catalyst which has a TOF of 27.2 h-1.  Upon 

performing the poisoning studies, the amount of CS2 required to completely deactivate 

each catalyst was calculated to be 0.081 mol CS2 / mol total metal for the Rh0.5Pt0.5/Al2O3 

catalyst and 0.046 mol CS2 / mol total metal for the 0.5% Rh/Al2O3 catalyst (Fig. 2.12).  

The higher value for the Rh0.5Pt0.5/Al2O3 catalyst suggests that there are more catalytically 

active sites present in this bimetallic catalyst than in the commercial catalyst.  Hornstein 

et al assumed a 1/5 poison to metal-atom stoichiometry ratio to calculate corrected TOF 

values for each catalyst.104  Based on this assumption, the corrected TOFs for the 

Rh0.5Pt0.5/Al2O3 and the 0.5% Rh/Al2O3 catalysts are 108 h-1 and 118 h-1, respectively.  

Although these values for the corrected TOFs are similar, the need for a higher quantity 

of catalyst poison (CS2) for the bimetallic catalysts suggests that there are more active 

(but less reactive) sites than in the commercial 0.5% Rh/Al2O3 catalyst.  
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Figure 2.12.  Plot of observed rate vs moles of CS2 / moles of total metal for the 

hydrogenation of toluene by a) Rh0.5Pt0.5/Al2O3 and b) 0.5% Rh/Al2O3.  Observed rates 

were measured by following the H2 pressure as a function of time for 1 h in triplicate.  

The xintercept for Rh0.5Pt0.5/Al2O3 is 0.081 mol of CS2 / mol of total metal and for 0.5% 

Rh/Al2O3 is 0.046 mol of CS2 / mol of total metal. 
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Table 2.2.  Summary of the CS2 Poisoning Results and Catalytic Activities of the 

Prepared Rh0.5Pt0.5/Al2O3 and Commercial 0.5% Rh/Al2O3 Catalysts.a 

 Rh0.5Pt0.5/Al2O3 0.5% Rh/Al2O3 

rateb 0.76 + 0.16 psi/h 0.47 + 0.13 psi/h 

TOF 43.8 h-1 27.2 h-1 

mol CS2 / mol total 
metalc 0.081 0.046 

TOF (corrected)d 108 h-1 118 h-1 

Rel. TOF 1 1.09 
aCatalytic activities measured at 73 psig initial H2 pressure, 295 K 

bValues based on 3.8 x 10-5 mol of total metal. 

cRatio of mol CS2 / mol total metal required to deactivate catalyst.  Determined from results shown in Fig. 
2.12.  

dTOF is corrected for active Rh and Pt atoms determined by CS2 poisoning and using a 1/5 poison/metal 
stoichiometry ratio, as previously described by Hornstein et al.104 

 

Materials Characterization   

Since the synthesis is based upon a one-pot in situ production of both the support 

and the nanoparticles simultaneously, little is known about the morphology or structure 

of the resulting catalyst.  From the TEM image of Rh0.5Pt0.5/Al2O3 catalyst (Fig. 2.13a) the 

size of the nanoparticles was measured to be 3.1 + 1.0 nm.  When TEM images were 

obtained upon the completion of the hydrogenation reaction using the Rh0.5Pt0.5/Al2O3 

catalyst, the size of the nanoparticles was measured to be 3.3 + 1.1 nm, indicating no 

significant change in size or morphology of the nanoparticles during the course of the 

reaction (Fig. 2.14).  The size of the nanoparticles in the Ir0.5Pt0.5/Al2O3 catalyst was 

measured to be 2.9 + 0.9 nm (Fig. 2.13b), 3.8 + 1.2 nm for the Ir05Rh0.5/Al2O3 catalyst 
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(Fig. 2.13c), 4.2 + 1.5 nm for the Ru0.5Pt0.5/Al2O3 catalyst (Fig. 2.13d), and 5.2 + 1.6 nm 

for the commercial 0.5% Rh/Al2O3 catalyst (Fig. 2.13e).  From the nanoparticle sizes 

obtained from the TEM images, the surface areas of each catalyst may be calculated and 

the TOF determined taking into account the total surface area of the catalyst used for a 

given reaction.  For each catalytic reaction performed in bulk, 3.8 x 10-5 mol of metal was 

used, and this amount of metal was used to calculate the total surface area.  One 

assumption was also made when determining the surface area of the catalyst:  only 66% 

of the total surface area was available due to the portion of each metal nanoparticle 

encapsulated by the metal oxide support.  So for the Rh0.5Pt0.5/Al2O3 catalyst, a total 

surface area of 0.433 m2 was calculated, and for the commercial 0.5% Rh/Al2O3 catalyst a 

surface area of 0.240 m2 was determined.  While these values are within an order of 

magnitude, they do give very similar corrected TOF values.  Using the data and TOF 

values given in Table 2.2, for the Rh0.5Pt0.5/Al2O3 catalyst, a TOF (corrected for total 

surface area) was determined to be 3.84 x 10-3 mol of methylcyclohexane formed per 

hour per m2 of catalyst and 4.31 x 10-3 for the commercial 0.5% Rh/Al2O3 catalyst.  These 

values give relative TOFs of 1 for the Rh0.5Pt0.5/Al2O3 catalyst and 1.12 for the 

commercial 0.5% Rh/Al2O3 catalyst, which are very similar to the relative TOFs 

calculated from the number of active sites determined from the CS2 poisoning 

experiments (Table 2.2). 
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Figure 2.13.  Dark field TEM images and particle size histograms of nanoparticle 

catalysts: a) Rh0.5Pt0.5/Al2O3, b) Ir0.5Pt0.5/Al2O3, c) Ir0.5Rh0.5/Al2O3, d) Ru0.5Pt0.5/Al2O3, e) 

0.5% Rh/Al2O3. 

 

 

Figure 2.14.  Dark field TEM image and particle size histogram of Rh0.5Pt0.5/Al2O3 

catalyst after the toluene hydrogenation reaction.  The size of the nanoparticles was 

measured to be 3.3 + 1.1 nm. 

 

XPS analysis of the Rh0.5Pt0.5Al2O3 catalyst was performed to determine the 

oxidation states of the two metals present in the catalyst.  An electron gun was used to 

prevent charging for all of the samples during XPS analysis.  The survey scan shown in 

Fig. 2.15 shows the XPS spectra before (spectra shown in black) and after (spectra shown 

in red) the toluene hydrogenation reaction.  The two spectra are very similar and the Rh 

3d, Al 2s, Al 2p, and Pt 4f peaks can be clearly identified in both, though the Al 2p and Pt 

4f peaks overlap.  All of the binding energies that were observed were referenced against 

those in the NIST XPS database to determine the oxidation states of the relevant metal 

peaks. 
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Figure 2.15.  X-ray photoelectron spectra survey scans for Rh0.5Pt0.5/Al2O3.  The spectra 

indicated in black (a) corresponds to the catalyst before the toluene hydrogenation 

reaction, and the spectra in red (b) corresponds to the catalyst after the toluene 

hydrogenation reaction.  

 

From the high-resolution spectra of Rh in Rh0.5Pt0.5/Al2O3 (Fig. 2.16) the binding 

energy (BE) of Rh was measured to be 306.7 eV before the reaction and 307.1 eV after 

the reaction indicating that there was no change in the oxidation state of the metal during 

the catalytic reaction.  From the high-resolution spectra of Pt in Rh0.5Pt0.5/Al2O3 (Fig. 

2.17), a curve-fitting program (CasaXPS) was used to obtain information about the Pt 4f 

peak since it overlaps with the Al 2p peak.  The BE of Pt was determined to be 71.4 eV 

before the hydrogenation and 71.2 eV after the hydrogenation.  By considering the BE of 

the Rh and Pt peaks before and after the hydrogenation reactions, it can be seen that there 

was no substantial deviation in the BE, suggesting the oxidation state of the metal does 

not change substantially during the course of the reaction. 
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Figure 2.16.  High-resolution XPS of the Rh 3d peak in Rh0.5Pt0.5/Al2O3.  The spectra 

indicated in black (a) is before the toluene hydrogenation reaction and the spectra 

indicated in red (b) is after the toluene hydrogenation reaction.  The binding energy for 

Rh 3d before and after reaction are 306.7 eV and 307.1 eV, respectively. 
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Figure 2.17.  High-resolution XPS of Pt in Rh0.5Pt0.5/Al2O3.  The spectra indicated in (a) 

are before the toluene hydrogenation reaction and the spectra indicated in (b) are after the 

toluene hydrogenation reaction.  The BE for Pt before and after reaction are 71.4 eV and 

71.2 eV, respectively. 

 

XPS spectra were also obtained for the 0.5% Rh/Al2O3, Ru0.5Pt0.5/Al2O3, 

Ir0.5Pt0.5/Al2O3 and Ir0.5Rh0.5/Al2O3 catalysts (Fig. 2.18).  For the commercial catalyst, 

0.5% Rh/Al2O3, the high resolution XPS spectra showed a BE of 308.8 eV for Rh (Fig. 

2.19), suggesting that the Rh was oxidized to Rh(III).  However, XPS binding energies 

are also known to shift with nanoparticle sizes due to less final-state relaxation of the 

core hole via screening by conduction electrons in small particles compared to bulk 

metal.105  For Ru0.5Pt0.5/Al2O3 (Fig. 2.20 and 2.21), the BE for Ru was 280.1 eV and 71.2 

eV for Pt, indicating that both metals are in the zero oxidation state.  From the high-
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resolution spectra for Ir0.5Pt0.5/Al2O3 (Figs. 2.22 and 2.23) the BE for Ir was 60.7 eV and 

71.4 eV for Pt, indicating that both metals were in the zero oxidation states.  For 

Ir0.5Rh0.5/Al2O3 (Figs. 2.24 and 2.25), the BE for Ir and Rh were 60.4 eV and 306.7 eV, 

respectively, corresponding to the zero oxidation states for both metals.  

 

Figure 2.18.  X-ray photoelectron spectra survey scans for the 0.5% Rh/Al2O3, 

Ru0.5Pt0.5/Al2O3, Ir0.5Pt0.5/Al2O3 and Ir0.5Rh0.5/Al2O3 catalysts. 
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Figure 2.19.   High-resolution XPS spectra of Rh in 0.5% Rh/Al2O3.  The Rh 3d peak is 

at 308.8 eV, suggesting that it has been oxidized to Rh(III).  

 

 

Figure 2.20.  High-resolution XPS spectra of Ru in Ru0.5Pt0.5/Al2O3.  The Ru 3d5/2 peak is 

at 280.1 eV and is partly obscured by the much stronger C 1s feature.  The shift of the 

apparent Ru 3d5/2 feature indicates that the metal is in the zero oxidation state.  
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Figure 2.21.  High-resolution XPS spectra of Pt in Ru0.5Pt0.5/Al2O3.  The Pt 4f peak at 

71.2 eV indicates that it is Pt(0).  

 

 

Figure 2.22.  High-resolution XPS spectra of Ir in Ir0.5Pt0.5/Al2O3.  The apparent Ir 4f7/2 

peak is at 60.7 eV, which corresponds to Ir(0). 
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Figure 2.23.  High-resolution XPS spectra of Pt in Ir0.5Pt0.5/Al2O3.  The apparent Pt 4f7/2 

peak is at 71.4 eV, corresponding to Pt(0). 

 

 

Figure 2.24.  High-resolution XPS spectra of Ir in Ir0.5Rh0.5/Al2O3.  The apparent Ir 4f7/2 

peak is at 60.4 eV, which corresponds to Ir(0). 
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Figure 2.25.  High-resolution XPS spectra of Rh in Ir0.5Rh0.5/Al2O3.  The apparent Rh 3d 

peak is at 306.7 eV, corresponding to Rh(0). 

 

Since acid-catalyzed sol-gel syntheses are known to give high-surface area metal 

oxides,106 BET measurements were performed to measure the surface area of the blank 

support and the catalyst.  The surface area of the blank support was measured to be 434 

m2/g, which is in the range of surface areas reported in the literature for alumina.107,108  

The surface area of the Rh0.5Pt0.5/Al2O3 catalyst was measured to be 557 m2/g (Fig. 2.26). 
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Figure 2.26.  Five-point BET surface area plot.  The blank (non-metallized) Al2O3 has a 

BET surface area of 434 m²/g while the Rh0.5Pt0.5/Al2O3 has a BET surface area of 557 

m²/g. 

 

2.3  Conclusions 

Through a straightforward screening approach, four active bimetallic catalysts 

(RhPt, RuPt, IrPt, and IrRh) were identified.  Through confirmation of the results in bulk, 

Rh0.5Pt0.5/Al2O3 was found to be the most active catalyst, which was then tested under a 

variety of parameters, and the activation energy was measured to be 30.4 kJ/mol.  

Through the use of standard materials characterization techniques, all of the bimetallic 

catalysts were determined to consist of small, zero oxidation state nanoparticles that were 

well dispersed throughout the alumina supports.  Future work on this project will involve 

screening tri-metallic combinations for catalytic activity, and screening for activity on 



 67 

mixed metal oxide supports and in the presence of sulfur and nitrogen containing 

compounds. 

 

2.4  Experimental Section 

Materials  

CuCl2•2H2O (99.999%-Cu), CrCl3•6H2O, HAuCl4•XH2O (99.9985%-Au), 

RuCl3•XH2O (99.9%-Ru), IrCl3•XH2O (99.9%-Ir), MnCl2•4H2O (99.999%-Mn), PdCl2 

(99.9%-Pd), CoCl2•6H2O (99.999%-Co), Na2PtCl4•XH2O, NiCl2•6H2O (99.999+%-Ni), 

FeCl2•4H2O (99%), MoCl5 (anhydrous, 99.6%), RhCl3•xH2O (38-41% Rh), and 0.5% 

Rh/Al2O3 (pellets) were purchased from Strem Chemicals and were used without further 

purification.  Aluminum-sec-butoxide (95%), decahydronaphthaplene, cis + trans (97%), 

and methylcyclohexane (99+%) were purchased from Alfa Aesar.  Ethanol (100%, 

anhydrous) was purchased from Commercial Alcohol.  Millipore water was used 

throughout.  Hydrochloric acid (concentrated), and silica gel were purchased from EMD.  

Dichloromethane (ACS), isopropanol, toluene were purchased from Fischer Scientific.  

Carbon disulfide was purchased from Sigma-Aldrich and was used without further 

purification.  Isopropanol was dried over molecular sieves and stored under argon before 

use.  Toluene was purified through a solvent purification system and was stored under 

argon until used.  Hydrogen, argon, and 5% hydrogen / 95% argon were supplied by 

Praxair. 
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Instrumentation  

A Varian CP-3800 Gas Chromatograph with a CP-4800 autosampler with a fused 

silica capillary column and a FID detector was used to analyze the samples of the 

reaction mixture.  A Corning Model PC-420 Laboratory stirrer/hot plate was used 

throughout, except for the temperature studies, in which an IKA Works Ceramag Midi 

stirrer/hot plate with an IKA ETS-D4 temperature sensor was used for temperatures 

above ambient.  An Agilent 6890 gas chromatography with a 5973 mass detector was 

used for the GC-MS experiments.  A Parr pressure vessel, model 4774-T-SS-3000 and a 

model 4838 controller with a pressure display module were used for the pressure and CS2 

poisoning studies.  For the TEM analysis, a JEOL JEM-2200FS TEM was used in STEM 

mode.  For XPS a Kratos Analytical, Axis-Ultra instrument was used for the sample 

analysis.  XPS were performed under UHV conditions (<10-8 Torr).  Surface areas were 

measured by nitrogen adsorption at 77.3 K using an Autosorb-1 high performance surface 

area and pore size analyzer (Quantachrome Instruments). 

 

Catalyst screening synthesis of 1 mol% metal loading  

The procedure for the catalyst synthesis was based on modified procedures 

established by Maier.83,109  0.133 M solutions of the required metal salts in ethanol were 

prepared, as was a 1.788 M solution of aluminum-sec-butoxide in dichloromethane and a 

solution consisting of 1.0 ml ethanol, 13 µl concentrated hydrochloric acid and 71 µl of 

water.  The sample holders were centered on the stir plate, and glass coated stir bars (5 

mm x 6 mm) were added to each well.  The desired amount of each metal salt solution 

was added quickly (in under one second) to each well to give the desired metal loading 
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and ratio of the two metals (e.g. 10 µl of each metal salt solution would give a 50:50 ratio 

of the two metals with a total metal loading of 1 mol %).  Then 300 µl of ethanol 

followed by 298 µl of 1.788 M aluminum-sec-butoxide were quickly (under one second) 

added to each well via pipette.  After stirring for approximately five minutes, 218 µl of 

the ethanol/hydrochloric acid/water solution was quickly (under one second) added.  

Each sample holder was covered with parafilm; the parafilm was punctured several times 

above each well and the solution was allowed to age and dry overnight in laboratory 

ambient conditions.  After processing, each sample holder was placed in a vial, which 

was capped with a septum (Fig 2.6). 

 

Batch catalyst synthesis of 1 mol% metal loading   

The catalyst screening synthesis was scaled up, and the catalyst was prepared in a 

100 ml polypropylene beaker with a Teflon coated stir bar.  After processing, the powder 

was transferred to a vial for immediate use or stored under argon. 

 

Processing   

All catalysts were calcined in air in a tube furnace using the following program: 

heat to 65ºC (rate 1ºC/min), hold at 65ºC for 30 minutes, heat to 250ºC (rate 1ºC /min), 

hold at 250ºC for 3 hours, cool to 25ºC (rate 1ºC /min).  Then the catalyst was hydrogen 

annealed under a 5% H2 / 95% Ar atmosphere as follows: heat to 300ºC (rate 5ºC/min), 

hold at 300ºC for 3 hours, cool down to 25ºC rapidly by opening the furnace. 
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Screening  

A solution of 7.7 ml isopropanol, 0.456 ml decahydronaphthalene (internal 

standard) and 0.308 ml toluene was prepared.  A necessary number of lines on the 

Schlenk line were split with Y joints and additional tubes were attached.  A syringe barrel 

was inserted into the end of each tube and a needle was attached to each syringe.  As 

described earlier (Catalyst screening synthesis of 1 mol% metal loading) each sample 

holder containing the prepared catalyst is located in an individual vial.  The septum on 

each vial was pierced with a needle that was attached to the Schlenk line (Fig. 2.7).  The 

vials underwent three of the following cycles: the vials were placed under vacuum and 

then back filled with Ar.  This was repeated with Ar and then with H2.  1 ml of 

isopropanol was added to the bottom of each vial (but not to the sample holder), to 

minimize evaporation losses from the sample holder.  Next, 0.77 ml of the previously 

prepared solution was added to each sample holder.  The vials were stirred for 4 hours 

under 15 psi H2 pressure and at 22ºC.  After 4 hours, each sample holder was removed 

from the vial.  As much of the reaction mixture as possible was removed from the sample 

holder with a Pasteur pipette.  The reaction mixture was filtered through a different 

Pasteur pipette packed with a small amount silica gel directly into a GC vial.  The 

substrate and products were diluted with 1.0 ml dichloromethane.  The screening 

hydrogenation results obtained for Rh0.5Pt0.5/Al2O3 were performed in triplicate. 

 

General batch hydrogenation  

The appropriate amount of catalyst to give 3.8 x 10-5 mol of metal was added to a 

25 mL 3 neck round-bottomed flask.  A glass coated stir bar was added and the flask was 
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capped with two septa and a gas adapter.  The flask was placed under vacuum and then 

back filled with Ar; this was repeated two more times with Ar.  Next, 10.0 mL of 

isopropanol was added.  The flask was placed under vacuum and then back filled with H2 

for a total of three times.  0.59 mL (3.8 x 10-3 mol) of decahydronaphthalene and 0.40 mL 

(3.8 x 10-3 mol) toluene were added by syringe and the reaction was stirred under ambient 

conditions (15 psi H2, 22ºC).  The reaction was monitored every 15 minutes for the first 2 

hours, and then every hour for an additional 5 hours via gas chromatography (GC).  To 

prepare samples for GC analysis, 0.4 ml samples of the reaction mixture were removed 

from the flask with a syringe.  The contents of the syringe were filtered through a silica 

gel filter as previously described.  The bulk hydrogenation results obtained for 

Rh0.5Pt0.5/Al2O3 were performed in triplicate. 

 

Batch toluene studies   

The hydrogenation was performed as specified in the procedure for general batch 

hydrogenation, with varying amounts of toluene depending on the desired ratio of 

catalyst to substrate. 

 

Batch temperature studies   

The hydrogenation was performed as specified in the procedure for general batch 

hydrogenation, except that if heating the reaction mixture above room temperature, a 

reflux condenser was attached to the middle neck of the round bottom flask and a gas 

adapter was connected to the top of the reflux condenser.  The other two necks on the 

round bottom flask were sealed with septa.  For cooling below room temperature, an ice 
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bath was used to achieve a temperature of 0ºC, and a bath consisting of dioxane and 

CO2(s) was used for a 10ºC bath. 

 

Batch pressure studies   

The quantities of catalyst, solvent and substrate were scaled up by a factor of two 

for the batch pressure studies, and decahydronaphthalene was not added.  The catalyst 

was added to the stainless steel bottom of the pressure reactor, and then isopropanol and 

toluene were sequentially added.  The pressure reactor was assembled, and hydrogen was 

gently flowed through the reactor for 30 s.  Then the reactor was sealed, pressurized to 

the desired pressure, and the course of the reaction was monitored via a Parr pressure 

controller interfaced with a computer.  After the reaction was complete, the reactor was 

disassembled and a sample of the reaction mixture was analyzed by gas chromatography 

as previously described. 

 

CS2 Poisoning Studies   

The following CS2 poisoning studies were done based on a modified procedure by 

Hornstein et al. and were performed in triplicate.104  0.3893 g of the Rh0.5Pt0.5/Al2O3 

catalyst or 0.782 g of the 0.5% Rh/Al2O3 catalyst was weighed into a clean 20 ml beaker.  

A glass coated stir bar was added to the beaker followed by 5.0 ml of isopropanol.  A 

0.038 M solution of CS2 in isopropanol was prepared fresh each day and the required 

amount of the solution was added to the beaker.  Ratios of 0, 0.02, 0.04, 0.06 and 0.08 

mol CS2 / mol total metal were used for the Rh0.5Pt0.5/Al2O3 catalyst and ratios of 0, 0.01, 

0.02, 0.03 and 0.04 mol CS2 / mol total metal were used for the commercial 0.5% 
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Rh/Al2O3 catalyst.  Then an additional 5.0 ml of isopropanol was added to the beaker 

followed by 0.40 ml of toluene.  Decahydronaphthalene was not added.  The beaker was 

placed into the bottom of the Parr reactor with the hydrogen inlet placed directly in the 

reaction solution and then the reactor was assembled.  The Parr reactor was sealed and 

the solution was stirred for 30 s at a stir speed of 7.  Then the stirrer was turned off and 

hydrogen gas was gently flowed through the reactor for 30 s.  The reactor was then sealed 

and pressurized to 73 psig.  The course of the reaction was monitored via a Parr pressure 

controller interfaced with a computer for 1 h.  After 1 h, the reactor was depressurized 

and dissembled. 

 

Sample preparation for XPS, TEM and BET  

 XPS: The dried sample was first finely grounded to reduce the particle size.  The 

ground powders were then placed into a die and pressed into a pellet under high pressure.  

The pellet was then used for XPS analysis.  An electron gun was used to prevent charging 

for all of the samples during XPS analysis.  The CasaXPS software program was used to 

perform the curve fitting, and all binding energies were referenced against those in the 

NIST XPS database to determine oxidation states.  TEM (before hydrogenation): Raw 

samples were carefully ground with a mortar and pestle for 20 minutes.  The average 

particle size is less then 100 nm after ground.  A small amount of the ground powder was 

then mounted on a carbon-coated grid for TEM analysis.  TEM (after hydrogenation): 

After reaction, the solvent was removed/vaporized under vacuum overnight.  The raw 

sample was then ground and sprayed on a carbon coated TEM grid.  BET: Before 

analysis, samples were degassed at 250°C for 23 h under vacuum.  
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Chapter 3 

Synthesis and Screening of Multimetallic Catalysts for 

Mono-, Poly,- and Heteroaromatic Hydrogenation 

Activity 

 

3.1  Introduction 

Using the approach for the synthesis and screening of heterogeneous bimetallic 

nanoparticle catalysts described in Chapter 2, we expanded the composition of the metal 

nanoparticles to include a third transition metal.  We also explored the effect of using 

mixed-metal oxides as the catalyst support and screened for catalytic activity for the 

hydrogenation of mono-, poly-, and heteroaromatic substrates under mild conditions. 

While arene hydrogenation is a challenging catalytic reaction due to the stability 

of the aromatic rings, polyaromatic and heteroaromatic hydrogenation present another 

unique set of challenges.  Harsh conditions are often required for the hydrogenation of 

polyaromatic hydrocarbons in order to obtain complete or deep hydrogenation of all of 

the aromatic rings.  These harsh conditions, however, may deactivate the catalyst.  In the 

case of heteroaromatic hydrogenation, the heteroaromatic substrate may behave as a 

catalyst poison.  Sulfur poisoning has been thoroughly investigated but nitrogen 

poisoning is not as well explored.  It is of consequence to be able to hydrogenate these 
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types of substrates because heteroaromatic hydrogenation is involved 

hydrodenitrogenation and hydrodesulfurization, two industrially challenging steps 

involved in oil sands upgrading.  In addition, the hydrogenation of quinoline is of interest 

for the production of petrochemicals, fine chemicals and pharmaceuticals.1 

Nanoparticle catalysts have shown to be advantageous as catalysts for many 

reasons including high surface areas and energies, unique electronic effects and 

potentially lower cost.2,3  Furthermore, bimetallic catalysts possess the potential for 

enhanced activity and selectivity and an increased tolerance to nitrogen and sulfur 

containing compounds.  For example, Yoon demonstrated that a bimetallic RhPd/CNT 

catalyst had an unusually high catalytic activity for the hydrogenation of anthracene at 

147 psi H2 and 25ºC when compared to the monometallic Rh/CNT and Pd/CNT 

catalysts.4  Venezia showed that a Au-Pd/SiO2-Al2O catalyst had a high turnover 

frequency for the hydrogenation of toluene in the presence of sulfur.5  In 2009, Yoon also 

showed while Au/CNT and Pd/CNT catalysts had negligible activities for the room 

temperature hydrogenation of benzene, the Pd-Au/CNT catalyst was much more active.6  

Based on these observations, there is the possibility that by using a bi- or multi-metallic 

catalyst for the hydrogenation of heteroaromatic substrates we could exploit their 

enhanced sulfur and nitrogen resistance. 
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Polyaromatic Hydrogenation 

As previously mentioned, harsh conditions are often required to achieve the 

complete hydrogenation of polyaromatic hydrocarbons.7  This becomes quite evident 

when studying the hydrogenation of larger aromatic hydrocarbons such as anthracene or 

phenanthrene.  Because of this, the majority of the research thus far has focused on the 

hydrogenation of naphthalene, one of the simplest polyaromatic hydrocarbons, and 

anthracene, a tricyclic polyaromatic hydrocarbon.  

 For example, Park used Rh nanoparticles on aluminum oxyhydroxide nanofibers 

for the hydrogenation of naphthalene at room temperature with a hydrogen balloon, and 

after 3 hours, predominantly tetralin was observed, but upon allowing the reaction to 

continue for an additional 7 hours, only decalin was found (cis/trans = 88/12).8  The 

hydrogenation of naphthalene has also been investigated using activated-carbon 

supported Rh, Ru, Pd and Pt catalysts using supercritical carbon dioxide as a solvent,9-11 

and in one of the studies they found the Rh catalyst was the most active but the Ru 

catalyst had the highest selectivity for cis-decahydronaphthalene.12  Tetrahedral and 

spherical Rh nanoparticles on charcoal were used for the hydrogenation of naphthalene 

under ambient conditions and they observed 100% conversion to octahydronaphthalene 

with a TOF of 250 h-1 (Note, TOF was defined as mol of H2 consumed per mol of total 

metal per hour).13  The hydrogenation of naphthalene has also been investigated using a 

combination catalyst consisting of a homogenous catalyst tethered to a heterogeneous 

catalyst.14  When Rh-CNR3/Pd-SiO2 combination catalyst was used, a TOF of 4.7 with a 

TON of 3700 were observed with C10H12 and C10H18 as the products, and when Rh-

CNR2/Pd-SiO2 was used, the observed TOF was 6.3 with a TON of 1560 and C10H12 as 
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the only product.14  A Pd/C catalyst was used for the hydrogenation of naphthalene in the 

presence of an ionic liquid additive at room temperature and 15 psi H2 pressure.15  They 

observed over 99% conversion of naphthalene with both tetrahydronaphthalene and 

decahydronaphthalene as the observed products.  On a side note, the hydrogenation of 

tetrahydronaphthalene has also been studied using a Pt/Al2O3 catalysts using an integral 

fixed bed reactor at 500 psig at 553-573 K.16  The hydrogenation of naphthalene in the 

presence of dibenzothiophene has been studied using Al2O3, SiO2-Al2O3 and zeolite 

supported palladium catalysts and it was observed that the Pd/SiO2-Al2O3 catalyst 

demonstrated a higher catalytic activity.17  The main product that they observed for all of 

the catalysts was tetrahydronaphthalene.  Cobalt silicide nanoparticles deposited on 

meosporous silica have been used for the hydrogenation of naphthalene in a fixed-bed 

reactor at 340ºC at 580 psi hydrogen pressure.18  They used different CoSi loadings and 

observed high selectivites for the hydrogenation of naphthalene to tetrahydronaphthalene. 

The hydrogenation of anthracene has been studied using Rh nanoparticles on 

aluminum oxyhydroxide nanofibers,8 carbon-supported Ni catalysts,19 tetrahedral and 

spherical Rh nanoparticles on charcoal,13 CoSi/SiO2 and Co/SiO2 catalysts,20 Rh 

nanoparticles on multiwalled carbon nanotubes,21 commercial Pd/C catalysts,15,22 

Pd/Al2O3,23,24 Rd, Rh and Pd/Rh nanoparticles on carbon nanotubes,4 and sodium dodecyl 

sulfate and hexadecyltrimethylammonium bromide stabilized Au NPs.25 

 

 

 



 86	  

Heteroaromatic Hydrogenation 

There are few examples in the literature of nanoparticle catalysts that have been 

shown to be active for the hydrogenation of N- and S-heteroaromatic compounds.  

Sánchez-Delgado and co-workers demonstrated the hydrogenation of quinoline by 

poly(4-vinylpyridine) immobilized Ru nanoparticles at 120ºC and 580 psi H2.26  Mévellec 

used Rh(0) nanoparticles to hydrogenate a variety of substrates including pyridine and 

quinoline at 15 psi H2, 20ºC.27  Grobas used a Pd/C catalyst to hydrogenate several 

substrates including quinoline in the presence of formic acid at 301 K and atmospheric 

pressure.28  Piccolo used commercial Pd, Rh or Ru/Al2O3 catalysts for the hydrogenation 

of quinoline at 100ºC and 294 psi H2.1  Vaccari used a Rh-containing pillared layered clay 

catalysts for the hydrogenation of quinoline at 100-200ºC and 294 psi H2.29  Park used Rh 

nanoparticles on aluminum oxyhydroxide nanofibers for the neat hydrogenation of 

quinoline, and after 30 hours 1,2,3,4-tetrahydroquinoline was obtained in a 94% yield 

with a TOF of 16 h-1 and a TON of 500.8  However, to the best of our knowledge, there 

are currently no examples of heterogeneous bimetallic nanoparticle catalysts that are 

active for the hydrogenation of N- or S-heteroaromatic substrates under mild conditions 

in the literature. 

 

Mixed Metal Oxides 

In addition to modifying the metals that compose the nanoparticle catalyst to 

increase their ability to resist becoming poisoned, the composition of the catalyst support 

can also be altered.  Previously, three different metal oxides (Al2O3, SiO2 and TiO2) were 
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used as catalyst supports for the hydrogenation of toluene where it was discerned that 

nanoparticles supported on Al2O3 were the most active, closely followed by those 

supported on TiO2.  The nanoparticles that were supported on SiO2 were only slightly 

active for the hydrogenation of toluene under ambient conditions.  Due to this 

observation, we had previously limited ourselves to only utilizing Al2O3 as a catalytic 

support.  Consequently, we were interested in exploring how the catalytic activity would 

be altered by using mixed-metal oxides as the catalyst supports because it has been 

previously reported that noble metal catalysts deposited on acidic supports are more 

catalytically active than those deposited on nonacidic supports.17,30,31 

Noble metal catalysts, such as Rh and Pt, are often preferred for aromatic 

hydrogenation reactions because they can operate at lower reaction temperatures, 

allowing them to avoid some of thermodynamic constraints that are encountered when 

the typical sulfided metal oxide catalysts are used.32  However, as previously discussed, 

these catalysts are more sensitive to poisoning by S- and N- containing heteroaromatic 

compounds.  Sulfur and nitrogen tolerance may be enhanced by using acidic supports for 

these noble metal catalysts.32  There are several proposed explanations as to why the 

catalysts become more tolerant when deposited on acidic supports.  It has been suggested 

this may be due to either the polarization of the metal nanoparticles by nearby cations or 

to a metal-support interaction that induces a partial electron transfer between the metal 

and the oxide ions.17,31-33  When this occurs, there is a higher electron density near the 

support interface while the atoms on the opposite side of the nanoparticles (i.e., those that 

participate in the catalytic reaction) are more electron deficient.33  Overall, there is no net 

change in the electron density of the nanoparticle.  These electron deficient metal sites 
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may lower the strength of the sulfur-metal bond, thereby increasing the metal’s ability to 

remain unpoisoned. 

 As mentioned in Chapter 1, acidic reaction conditions were used to synthesize the 

metal oxide supports because using an acid as a catalyst causes the network to form linear 

or randomly branched polymers, which should yield an amorphous material with a higher 

surface area.  There is another advantage to using an acid as a catalyst, specifically when 

it comes to synthesizing mixed metal oxides.  By using acidic reactions conditions, 

precipitation and phase separation of one metal oxide during the sol-gel synthesis can be 

avoided because differences in the electronegativity of the metal ions only have a small 

effect on the electron density of the adjacent oxygen atoms, and therefore the attacking 

proton does not distinguish between the different types of metal ions.34,35  Precipitation 

and phase separation are indicative of undesirable domain formation, which suggests that 

there is not a homogeneous distribution of the elemental oxides.34  If domain formation is 

problematic, prehydrolysis of the less reactive species or modification of the more highly 

labile species via chelation have been used to compensate for the differences in the 

hydrolysis and condensation rates of the two different metal alkoxides.36 

 

3.2  Results and Discussion 

Synthesis and Screening of Trimetallic Nanoparticle Catalysts 

The synthesis and screening of heterogeneous mono- and bimetallic nanoparticle 

catalysts for the hydrogenation of toluene under ambient conditions were previously 

discussed in Chapter 2.  To screen for catalytic activity using trimetallic nanoparticle 
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catalysts, the four previously identified active bimetallic catalysts (RhPt, RuPt, IrRh, IrPt) 

were used as two of the three metals that would constitute the trimetallic catalysts.  The 

third metal that was added was one of Cr, Mn, Fe, Co, Ni, Cu or Mo.  These metals were 

selected because they are more economical than the metals that compose the active 

bimetallic catalysts, are typically not active as monometallic catalysts for the 

hydrogenation of arenes, and may increase the ability of these catalysts to resist 

poisoning by sulfur and nitrogen containing compounds.  By using these metals in 

combination with the metals used in the active bimetallic catalysts (Rh, Ir, Ru and Pt), we 

hoped we would be able to identify a new catalyst that had an enhanced activity for the 

hydrogenation of arenes or an enhanced tolerance to common catalytic poisons due to the 

presence on the third metal.   

All of the trimetallic catalysts that were synthesized were supported on Al2O3, and 

all three metals were used in equal amounts (1:1:1 ratio of each) with a total metal 

loading of 1 mol%.  The catalysts were screened for toluene hydrogenation activity under 

ambient conditions, using isopropanol as a solvent and a 1:100 catalyst:substrate ratio.  

Shown on the leftmost side of each of the figures for the preliminary trimetallic 

hydrogenation screening results is the percent hydrogenation of the two parent metals at a 

0.67% metal loading so that the percent hydrogenation due to those two metals at the 

loading used for the trimetallic catalysts could be known, and it could be determined if 

there was an enhancement in activity due to the addition of the third metal.  On the 

rightmost side of each figure is the percent hydrogenation using the two metals at a 1:1 

ratio and 1 mol% metal loading.  Ranging in between these two bimetallic catalysts are 

the trimetallic catalysts using the same parent metals with a different third metal in each 
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case.  Shown in Fig. 3.1 are the percent hydrogenation results using IrRh as the parent 

metals.  What can be seen is that none of the trimetallic catalysts demonstrate an activity 

as high as the bimetallic 0.67% IrRh catalyst.  However, the IrRhCr, IrRhMn and IrRhMo 

catalysts all exhibit a higher catalytic activity than the 1% IrRh catalyst.  The other metals 

(Fe, Co, Ni and Cu) appear to be causing a decrease in the catalytic activity, and in the 

case of using Cu as the third metal, there was complete deactivation of the catalyst.   

 

Figure 3.1.  IrRhM/Al2O3 hydrogenation results where M = Cr, Mn, Fe, Co, Ni, Cu or 

Mo.  The percent hydrogenation was measured after 4 hours and was determined by gas 

chromatography.   

	  

When using Ir and Pt as the parent metals (Fig. 3.2), it can be seen that in all cases 

the incorporation of a third metal caused a decrease in the catalytic activity.  The decrease 

in catalytic activity was relatively minor when Cr and Mn were used as the third metal 

and this could be within experimental error, but incorporation of the other metals caused 
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a significant decrease in activity.  These decreases in activity suggest that addition of Mn, 

Fe, Co, Ni or Cu causes poisoning of the catalyst, with addition of Cu completely 

deactivating the catalyst, as was previously observed with the IrRhCu catalyst. 

	  

Figure 3.2.  IrPtM/Al2O3 hydrogenation results where M = Cr, Mn, Fe, Co, Ni, Cu or 

Mo.  The percent hydrogenation was measured after 4 hours and was determined by gas 

chromatography.   

	  

When Mn was added to the RhPt catalyst (Fig. 3.3) there was an increase in 

activity above either the percent hydrogenation values for the 1% or 0.67% bimetallic 

RhPt catalysts.  When Cr, Fe or Co was added, the percent hydrogenation values were 

comparable to the bimetallic RhPt catalysts, suggesting these metals neither enhance nor 

poison the catalyst.  However, when Ni or Mo was added, there was a decrease in 

activity, and when Cu was added, no catalytic activity was observed. 
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Figure 3.3.  RhPtM/Al2O3 hydrogenation results where M = Cr, Mn, Fe, Co, Ni, Cu or 

Mo.  The percent hydrogenation was measured after 4 hours and was determined by gas 

chromatography.   

	  

The last bimetallic combination in which a third metal was added to was RuPt 

(Fig. 3.4).  When Mn and Mo were added, there was an increase in activity compared to 

the value for the 1% RuPt catalyst, but these two values were slightly lower than the 

values for the 0.67% RuPt catalyst.  The addition of Cr, Fe Co and Ni gave percent 

hydrogenation values similar to the 1% RuPt catalyst, while there was a lower percent 

hydrogenation value observed when Cu was added.  However, unlike with the other 

parent bimetallic catalysts, the RuPtCu catalyst did demonstrate some catalytic activity.  

This was the only trimetallic catalyst that contained Cu and demonstrated some degree of 

catalytic activity. 
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Figure 3.4.  RuPtM/Al2O3 hydrogenation results where M = Cr, Mn, Fe, Co, Ni, Cu or 

Mo.  The percent hydrogenation was measured after 4 hours and was determined by gas 

chromatography.   

	  

Once these preliminary screens had been performed to determine which metal 

combinations showed an enhancement in catalytic activity, the next step was to determine 

the quantity of the third metal that could be added to the two parent metals to achieve the 

maximum catalytic activity.  To determine this, the active trimetallic combinations were 

screened using 0.1% increments of the third metal, with the two parent metals making up 

the remainder of the 1% total metal loading in equal amounts.  When the amount of Cr in 

IrPtCr was varied in 0.1% increments between 0% Cr and 1% Cr, the percent 

hydrogenation increased slightly from Ir0.5Pt0.5 to Ir0.45Pt0.45Cr0.1, but then the catalytic 

activity steadily decreased as the amount of Cr was progressively increased (Fig. 3.5a).  

When Mo was used as the tertiary metal, there was an increase in catalytic activity as the 
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amount of Mo was increased until the composition of Ir0.35Pt0.35Mo0.3 was reached, and 

then the catalytic activity steadily decreased as the amount of Mo was further increased 

(Fig. 3.5b). 

	  

Figure 3.5.  a) IrPtCr/Al2O3 and b) IrPtMo/Al2O3 hydrogenation results.  The percent 

hydrogenation was measured after 4 hours and was determined by gas chromatography.   
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For the IrRh bimetallic combination, three metals were chosen for further studies: 

Cr, Mn and Mo (Fig. 3.6a).  Beginning with IrRhCr combination, there was a slight 

increase in activity observed as the amount of Cr was increased from 0% to 0.1%, but as 

the amount of Cr was further increased, a steady decrease in the catalytic activity was 

detected.  For both IrRhMn (Fig. 3.6b) and IrRhMo (Fig. 3.6c), the catalytic activity 

decreased as the proportion of the third metal increased. 
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Figure 3.6.  a) IrRhCr/Al2O3, b) IrRhMn/Al2O3, and c) IrRhMo/Al2O3 hydrogenation 

results.  The percent hydrogenation was measured after 4 hours and was determined by 

gas chromatography.   
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 For RhPt, the addition of either Cr or Mn demonstrated an increase in activity so 

these metals were chosen for further study.  There was a small drop in activity when the 

amount of Cr was increased from 0% to 0.1% (Fig. 3.7 a), but then an increase in activity 

as the amount of Cr was further increased to 0.2%.  From this point, the catalytic activity 

then constantly decreased as the amount of Cr was increased.  When Mn was added as 

the third metal (Fig. 3.7 b), there was an increase in the catalytic activity as the 

composition of the nanoparticle reached Rh0.2Pt0.2Mn0.6, but as the amount of Mn was 

further increased, the catalytic activity of the catalysts decreased. 
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Figure 3.7.  a) RhPtCr/Al2O3 and b) RhPtMn/Al2O3 hydrogenation results.  The percent 

hydrogenation was measured after 4 hours and was determined by gas chromatography.   

	  

 For RuPt, the addition of Mn and Mo was examined to determine the effect on the 

catalytic activity.  As Mn was added to RuPt to give a catalyst containing 0.1% Mn, there 

was a dramatic increase in the catalytic activity.  As the amount of Mn was further 
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increased, the catalytic activity held steady until the quantity of Mn reached 0.3%, and 

after that as the amount of Mn was further increased, the catalytic activity steadily 

decreased until the catalyst was completely deactivated.  When Mo was used as the third 

metal, there was a slight increase in activity as the amount of Mo was increased to 0.1%, 

but from this point as the amount of Mo was further increased, the catalytic activity of the 

trimetallic catalyst dramatically decreased until the catalyst was completely deactivated. 
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Figure 3.8.  RuPtCr/Al2O3, b) RuPtMn/Al2O3 and c) RuPtMo/Al2O3 hydrogenation 

results.  The percent hydrogenation was measured after 4 hours and was determined by 

gas chromatography.   

	  

 The last set of trimetallic catalysts that were screened for catalytic activity were 

those that were combinations of the metals that composed the parent bimetallic catalysts 
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(Rh, Pt, Ir and Ru), and the results are shown in Fig. 3.9.  The activities of these 

trimetallic catalysts were compared to the catalytic activity for the RhPt bimetallic 

catalyst (the left most entry), which was the highest obtained for all of the bimetallic 

catalysts previously examined for the hydrogenation of toluene under ambient conditions.  

From Fig. 3.9, it can be seen that the RhPtIr and RhPtRu catalysts exhibited a catalytic 

activity higher than that of the RhPt catalyst, and the RuPtIr and IrRhRu catalysts have an 

activity lower than that determined for the RhPt catalyst.  A combination of the four 

metals, or a tetrametallic catalyst was also synthesized and screened, and from Fig. 3.9 it 

can be seen that it has an activity comparable to that of the RhPt catalyst.   

 

Figure 3.9.  Miscellaneous tri- and tetrametallic hydrogenation results.  The percent 

hydrogenation was measured after 4 hours and was determined by gas chromatography.   
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Screening of Catalysts Supported on Mixed Metal Oxides for Mono-, Poly-, and 

Heteroaromatic Hydrogenation Activity 

Using toluene as a model substrate, the effect on the catalytic activity due to 

varying the identity of the metals in the catalyst was previously described.  The next step 

in this study was to a) vary the composition of the catalyst support and b) to study the 

hydrogenation of poly- and heteroaromatic substrates.  The motivation behind varying the 

composition of the catalyst support was the more acidic the catalytic support, the more 

able the catalyst would be to hydrogenate polyaromatic and heteroaromatic substrates.  

To make the catalyst support more acidic, a more acidic metal oxide or a mixed metal 

oxide could be used.  By using a mixed metal oxide, the structure of the metal oxide 

becomes more amorphous which causes it to possess a higher quantity of acidic sitesdue 

to an increase in the number of exposed cations.  Based on this, we chose 6 catalysts (Rh, 

RhPt, RuPt, IrRh, IrPt and RhPtIr) and three different metal oxides (Al2O3, SiO2 and 

TiO2) to prepare 72 catalysts.  Using binary combinations of the three metal oxides in 

different ratios, 12 different catalyst supports were used.  

The methodology used to synthesize the heterogeneous mono-, bi- and trimetallic 

nanoparticle catalysts involved a one-pot approach in which the metal chloride salts, the 

water sensitive metal alkoxides, and hydrochloric acid were mixed together.  To modify 

the composition of the catalyst support, the ratios of the different metal alkoxides (and 

subsequently the amount of solvent, water and hydrochloric acid) were varied according 

to the desired final composition.  An acid catalyzed sol-gel synthesis route was chosen 

and used throughout because it allowed for flexibility of using different metal alkoxides 

without requiring modification of the synthesis procedure.   
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Initially, all 72 catalysts (6 different nanoparticle compositions and 12 different 

support compositions) were screened for the hydrogenation of toluene, naphthalene, 

pyridine, indole, quinoline, thiophene and benzothiophene at a pressure of 75 psi H2 for a 

reaction time of 4 hours using the High-Throughput Facility at the Centre for Catalysis 

Research and Innovation at the University of Ottawa.  Upon subsequent analysis of the 

reaction mixtures by GC-MS, it was observed that while some degree of catalytic activity 

was observed for the hydrogenation of toluene, naphthalene, indole, quinoline and 

benzo[b]thiophene, no hydrogenation was observed for pyridine or thiophene using any 

of the 72 different catalysts (Fig. 3.10).  While the unsuccessful hydrogenation of 

thiophene has been reported, there has been success with pyridine.8  In addition, 16 of the 

72 catalysts were inactive for all of the substrates examined.  While the initial catalyst 

screening results yielded some interesting results and trends, in most cases, the amount of 

product formed was very small compared to results previously obtained in bulk under 

similar conditions.  As a result, the five active substrates were screened again using 56 of 

the 72 catalysts at a pressure of 150 psi H2 for 24 hours, and the reaction mixtures were 

once again analyzed by GC-MS.  A visualization approach of the data was chosen to 

allow for easier identification of active catalysts and trends, with the results shown in 

Figs. 3.11, 3.14-3.17. 
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Figure 3.10.  Aromatic substrates and the observed hydrogenation products as 

determined by GC-MS analysis. 

	  

In Fig. 3.11, shown along the x axis are the various support compositions, on the z 

axis are the different metal nanoparticle compositions, and on the y axis are the percent 

hydrogenation values as determined by GC-MS after 24 hours.  Even though the 

hydrogenation of toluene was previously thoroughly studied,37 it was examined again 

because we knew that our synthesized catalysts were active for the hydrogenation of 

toluene under ambient conditions, so it acted as a “double check” to ensure the 

synthesized catalysts were still active, and that there were no design flaws in the 

experimental set up.  For the hydrogenation of toluene, only the fully hydrogenated 

product, methylcyclohexane was detected via GC-MS.  It appeared that the most active 

catalyst support was Al2O3, though mixed metal oxide supports that were rich in Al2O3 

(with the exception of Al2O3(25%)-SiO2(75%)) also demonstrated a higher activity than 
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those poor in Al2O3.  If there was no Al2O3 present in the catalyst support, supports that 

were rich in TiO2 also demonstrated some activity for the hydrogenation of toluene 

though the observed percent hydrogenation values were lower than those obtained when 

Al2O3 was present.  These results suggest that some quantity of Al2O3 is desirable in the 

catalyst support in order for an appreciable catalytic activity to be observed under the 

chosen reaction conditions.  A similar trend was observed for the hydrogenation of ethene 

using Rh on SiO2, SiO2(75%)-Al2O3(25%) and SiO2(50%)-Al2O3(50%) where higher 

hydrogenation activities were observed for the catalyst supports which contained a higher 

percentage of Al2O3.38  The metal nanoparticle compositions that demonstrated the 

highest activity for the hydrogenation of toluene appeared to be the Rh1, Rh0.5Pt0.5 and the 

Rh0.33Pt0.33Ir0.33 combinations, though all of the other bimetallic catalysts did demonstrate 

some degree of activity, suggesting that if an active catalyst support was used then the 

reaction did not depend on the composition of the metal nanoparticles. 
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Figure 3.11.  Toluene hydrogenation results.  The percent hydrogenation was measured 

after 24 hours of stirring at 150 psi hydrogen pressure, and the only observed product was 

methylcyclohexane. 

	  

To more clearly show the trends in catalytic activity as a function of support, the 

percent hydrogenation results as a function of support composition using the Rh0.5Pt0.5 

nanoparticles for the hydrogenation of toluene is shown in Fig. 3.12.  The average 

percent hydrogenation value was determined to be 17.5%, and is indicated by the blue 

line in Fig. 3.12.  By considering which catalysts exhibited a catalytic activity above the 

average value, it can be seen that all of the more active catalysts contained some 

percentage of Al2O3.  Furthermore, with the exception of the Al2O3(25%)-SiO2(75%) 

support composition, all of the more active catalyst supports contain at least 50% Al2O3.  
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The exception to this trend is the Al2O3(50%)-SiO2(50%) support composition which did 

not give active catalysts.       

 

Figure 3.12.  Graph showing the trend in catalytic activity as a function of support 

composition using the Rh0.5Pt0.5 nanoparticles for toluene hydrogenation. 

 

From Fig. 3.12 it can also be seen that any catalysts supported on SiO2, 

SiO2(50%)-TiO2(50%) and SiO2(75%)-TiO2(25%) were inactive for the hydrogenation of 

toluene.  To determine whether or not this lack in catalytic activity could be attributed to 

the size of the nanoparticles since catalytic activity does depend on the nanoparticle size, 

TEM images were obtained for the same nanoparticle composition (Rh0.5Pt0.5) on three 

different metal oxides (Fig. 3.13).  It was observed that Rh0.5Pt0.5 nanoparticles supported 

Average = 
17.5 
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on Al2O3 had a diameter of 3.06 nm, a diameter of 5.18 nm when supported on SiO2 and 

2.22 nm when supported on TiO2.  The nanoparticles supported on SiO2 are much larger 

than those supported on the other two metal oxides, and the lack of catalytic activity 

demonstrated by these nanoparticles could be attributed to their larger size.  This suggests 

that that the size of the nanoparticles may be controlled by the composition of the catalyst 

support. 

      

 

 
Figure 3.13.  Dark field TEM images and particle size histograms for a) Rh0.5Pt0.5/Al2O3, 

b) Rh0.5Pt0.5/SiO2, and c) Rh0.5Pt0.5/TiO2. 

	  

a)
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 For the hydrogenation of naphthalene (Fig. 3.14), in most cases only the partially 

hydrogenated product, 1,2,3,4-tetrahydronaphthalene was observed, though for a few 

select catalysts the fully hydrogenated decahydronaphthalene product was also observed. 

When considering the trends in activity as a function of the nanoparticle composition, the 

Rh1 and Rh0.5Pt0.5 nanoparticle compositions demonstrated the highest catalytic activity 

while the Ir0.5Pt0.5 and Ru0.5Pt0.5 nanoparticle compositions tended to be the least active.  

As compared to the toluene hydrogenation results, there also appeared to be fewer 

catalysts that were active for the hydrogenation of naphthalene than for toluene.  

Catalysts supported on Al2O3(25%)-SiO2(75%) appeared to exhibit the most consistent 

activity, while some of the other catalyst supports, such as Al2O3 and Al2O3(75%)-

TiO2(25%) were only active when certain metal combinations were used.  Furthermore, 

the percent hydrogenation scale shown on the y-axis for the hydrogenation of 

naphthalene was much smaller than the scale for the hydrogenation of toluene, 

demonstrating the challenge that the hydrogenation of polyaromatic hydrocarbons 

presents.  Overall, it can be observed that the choice of metal nanoparticle composition 

and metal oxide support is much more crucial than it was for the hydrogenation of 

toluene. 
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Figure 3.14.  Naphthalene hydrogenation results.  The percent hydrogenation was 

measured after 24 hours of stirring at 150 psi hydrogen pressure, and the observed 

products were 1,2,3,4-tetrahydronaphthalene and decahydronaphthalene. 

 

Substantially different results were observed when considering the screening 

results for the hydrogenation of indole (Fig. 3.15).  Both the partially hydrogenated (2,3-

dihydroindole) and fully hydrogenationed products (octahydroindole) were observed.  

Again, the same five catalyst supports demonstrated active nanoparticle catalysts, but it 

was much more obvious which metal nanoparticle compositions were catalytically active. 

Specifically, Rh0.5Pt0.5, Ir0.5Rh0.5 and Rh1 were the most active nanoparticle compositions, 

and essentially the other metallic nanoparticle compositions were inactive for the 

hydrogenation of indole.  Unlike the screening results for the hydrogenation of toluene 
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and naphthalene, there were even fewer catalysts that were active for the hydrogenation 

of indole.  However, these results were very promising because they indicate that not 

only are our catalysts are robust enough to resist poisoning by this N-heteroaromatic 

compound, they can begin to hydrogenate it under these mild reaction conditions. 

 

Figure 3.15.  Indole hydrogenation results.  The percent hydrogenation was measured 

after 24 hours of stirring at 150 psi hydrogen pressure, and the observed products were 

2,3-dihydroindole and octahydroindole. 

	  

 For the quinoline hydrogenation results (Fig. 3.16) what was most intriguing was 

the observed percent hydrogenation values, which exceeded those observed for the 

hydrogenation of any of the other substrates examined.  This was unusual since the 

hydrocarbon analogue of quinoline, naphthalene, does not exhibit percent hydrogenation 
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values nearly this high, which demonstrated the effect that the nitrogen atom in the 

aromatic ring had on the catalytic activity.  This could be attributed to the support being 

acidic and the substrate is basic leading to a stronger attraction for quinoline to the 

catalyst support than for naphthalene, facilitating the hydrogenation reaction.  The same 

support trends as for the other substrates were also observed, though it was much more 

pronounced with these results since only those five catalyst supports gave an appreciable 

percent hydrogenation value, and catalysts supported on other supports had very low 

activities.  However, if one of those five active supports was used, then any of the six 

metal nanoparticle compositions were active, though Rh0.5Pt0.5 and Rh1 appear to be 

consistently the most active.  The observed products for the hydrogenation of quinoline 

were the partially hydrogenated 1,2,3,4-tetrahydroquinoline and 5,6,7,8-

tetrahydroquinoline.  The fully hydrogenated decahydroquinoline was not observed under 

these reaction conditions, because typically much more harsh conditions (temperatures in 

the rate of 175-280ºC, hydrogen pressure between 1595 and 3046 psi H2 and an acidic 

solvent) are required for complete hydrogenation.1 
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Figure 3.16.  Quinoline hydrogenation results.  The percent hydrogenation was measured 

after 24 hours of stirring at 150 psi hydrogen pressure, and the observed products were 

1,2,3,4-tetrahydroquinoline and 5,6,7,8-tetrahydroquinoline. 

	  

 Lastly, the 72 catalysts were screened for the hydrogenation of benzothiophene, a 

model S-heteroaromatic compound.  While some of the catalysts demonstrated some 

catalytic activity for the hydrogenation of benzothiophene, the values for the percent 

hydrogenation were significantly lower (< 4%) than any of those previously observed for 

any of the other substrates (Fig. 3.17).  This indicated that while some degree of 

hydrogenation was occurring, the catalyst was becoming deactivated fairly quickly, and 

was likely being poisoned by this sulfur containing substrate.  The most active metal 

combinations for the hydrogenation of benzothiophene were Rh0.5Pt0.5, Ir0.5Rh0.5, 

Rh0.33Pt0.33Ir0.33 and Rh1.  The most active catalyst supports appear to be Al2O3, 
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Al2O3(25%)-SiO2(75%), Al2O3(75%)-SiO2(25%), Al2O3(50%)-TiO2(50%) and 

Al2O3(75%)-TiO2(25%).  Even though the percent hydrogenation values were low, it is 

promising that these catalysts demonstrated some degree of hydrogenation before being 

poisoned. 

 

Figure 3.17.  Benzothiophene hydrogenation results.  The percent hydrogenation was 

measured after 24 hours of stirring at 150 psi hydrogen pressure, and the only observed 

product was 2,3-dihydrobenzothiophene. 

	  

 Once the 72 different nanoparticle catalysts had been screened for activity for the 

hydrogenation of toluene, naphthalene, pyridine, indole, quinoline, thiophene and 

benzothiophene, several catalysts were chosen for further studies in bulk.  Rh0.5Pt0.5/Al2O3 

was chosen because it was one of most active bimetallic catalysts overall.  Rh1/Al2O3 and 
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Rh1/Al2O3(25%)-SiO2(75%) were selected for several reasons.  These two catalysts were 

quite active for the hydrogenation of naphthalene, and it would also allow us to determine 

the effect of using a mixed metal oxide support would have on the catalytic activity of the 

nanoparticle catalysts.  Rh0.33Pt0.33Ir0.33/Al2O3 was chosen because it was the only 

trimetallic nanoparticle catalyst that exhibited some potential for enhanced catalytic 

activity, and the commercial 0.5% Rh/Al2O3 catalysts was selected because it is a readily 

available commercial catalyst.  As well, only two substrates were chosen for further 

studies: naphthalene and quinoline.  Naphthalene was chosen because it is a simple 

polyaromatic hydrocarbon, both the partially hydrogenated and fully hydrogenated 

products were observed, and a variety of catalysts demonstrated activity for this substrate.  

Quinoline was selected because it has the same structure as naphthalene except that a 

nitrogen atom replaced one of the carbon atoms, allowing the effect on the catalytic 

activity by incorporating in a heteroatom to be studied.  Furthermore, during the initial 

screening process, the highest observed percent hydrogenation values were obtained 

when quinoline was used as the substrate.  Even though the majority of the catalysts that 

were screened for the hydrogenation of toluene were quite active, toluene was not chosen 

for further studies because it had already been studied in depth using Rh0.5Pt0.5/Al2O3.37   

 

Bulk Temperature, Pressure and Loading Studies 

 To measure the naphthalene hydrogenation rates in bulk, a pressure reactor was 

used, and the decrease in hydrogen pressure was monitored as a function of time.  The 

observed rates were measured using the first two hours of the hydrogenation data, 
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thought the reaction was monitored for at least 7 hours.  The rates were measured at 

initial pressures of 74, 147, 294, and 441 psig at ambient temperatures using 7 different 

catalysts with the results shown in Figure 3.18.  Both tetrahydronaphthalene and 

decahydronaphthalene were observed for many of the catalysts during the course of the 

reactions.  Usually, tetrahydronaphthalene is the first product observed during the 

hydrogenation of naphthalene, and if a reaction is allowed to run for a long enough period 

of time, decahydronaphthalene may be detected.8   

Immediately noticeable was the commercial 0.5% Rh/Al2O3 catalyst demonstrated 

a much higher catalytic activity than any of the other synthesized catalysts.  Also, as the 

pressure increased while the temperature was held constant, there was a corresponding 

increase in the observed rate.  The increase in rate appeared to be fairly linear as the 

pressure was increased to 294 psig, but as the pressure was further increased to 441 psig, 

the increase in observed rate deviated from linearity and appeared to plateau.  For the 

most active catalyst (the commercial 0.5% Rh/Al2O3 catalyst at a pressure of 441 psig) a 

total pressure drop of 14 psi was observed during the first two hours of the catalytic 

reaction.  With the synthesized catalysts, most demonstrated a drop in catalytic activity 

when the pressure was increased from 74 psig to 147 psig, but the catalytic activity 

increased as the pressure was further increased to 294 psig and 441 psig.  The only 

catalyst that did not demonstrate this trend in activity was the Rh1/Al2O3 catalyst, which 

was not active until the pressure reached 294 psig, and the Rh0.5Pt0.5/Al2O3 catalyst, which 

exhibited an increase in catalytic activity at 147 psig, but then the catalytic activity 

decreased as the pressure was further increased.  The majority of the catalysts also 
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exhibited their highest catalytic activity at a pressure of 441 psig, with the exception of 

Rh1/Al2O3(75%)-SiO2(25%) and Rh0.5Pt0.5/Al2O3.   

	  

Figure 3.18.  Observed rates for the hydrogenation of naphthalene at room temperature 

and various pressures using select catalysts.  

	  

 A similar pressure study was performed using quinoline as the substrate.  The 

same hydrogenation setup and procedure was used as with the naphthalene hydrogenation 

experiments, and the results are shown in Fig. 3.19.  Both the partially hydrogenated 

(1,2,3,4-tetrahydroquinoline) and fully hydrogenated (decahydroquinoline) products were 

formed.  At lower pressures (74 and 147 psig), the Rh0.5Pt0.5/Al2O3 catalyst was the most 

active catalyst, followed by the commercial 0.5% Rh/Al2O3 catalyst and then the 

Rh0.33Pt0.33Ir0.33/Al2O3 catalyst.  However, at higher pressures (294 and 441 psig), the 

Pressure (psig) 
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commercial 0.5% Rh/Al2O3 catalyst was the most active, followed by the bimetallic 

Rh0.5Pt0.5/Al2O3 catalyst and then the trimetallic Rh0.33Pt0.33Ir0.33/Al2O3 catalyst.  For the 

most active catalyst (the commercial 0.5% Rh/Al2O3 catalyst at a pressure of 441 psig) a 

total pressure drop of 15 psi was observed during the first two hours of the catalytic 

reaction.  It also appeared that overall, the catalyst supported on the mixed metal oxide 

support (Rh1/Al2O3(25%)-SiO2(75%)) was the least active catalyst regardless of the 

reaction pressure.  When the activity of the Rh1 catalyst supported on the mixed metal 

oxide was compared to the activity of the Rh1 catalyst on the Al2O3 support, it seemed 

that incorporation of SiO2 into the support caused a decrease in the catalytic activity.  

However, both Rh1/Al2O3 and Rh1/Al2O3(25%)-SiO2(75%) exhibited similar trends in 

activity as the pressure was increased: a decrease in activity as the pressure increased to 

147 psig, and then increases in activity as the pressure was further increased.  None of the 

other catalysts exhibited these trends in activity. 
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Figure 3.19.  Observed rates for the hydrogenation of quinoline at room temperature and 

various pressures using select catalysts. 

	  

The temperature of the naphthalene hydrogenation reactions was also varied while 

the pressure was held constant at 294 psig H2.  The observed rates were measured at 22, 

40, 60 and 80ºC using 7 different heterogeneous nanoparticle catalysts.  Both the partially 

hydrogenated 1,2,3,4-tetrahydronaphthalene and fully hydrogenated 

decahydronaphthalene products were formed.  From the graph in Fig. 3.20 of the 

temperature of the hydrogenation reaction versus the observed rates, it can be seen that 

the commercial 0.5% Rh/Al2O3 catalyst substantially outperforms any of the synthesized 

nanoparticle catalysts.  For the most active catalyst (the commercial 0.5% Rh/Al2O3 

catalyst at a temperature of 40ºC) a total pressure drop of 26 psi was observed during the 

Pressure (psig) 
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first two hours of the catalytic reaction.  The activity of the commercial catalyst also does 

not appear increase linearly as the temperature of the hydrogenation reaction was 

increased.  There was a significant decrease in activity observed as the temperature of the 

reaction was increased from 40 to 60ºC, and then the activity held constant as the 

temperature reached 80ºC.  Similarly, the Rh1/Al2O3 catalyst displayed an increase in 

activity as the temperature was increased from 22ºC to 40ºC, then a decrease as the 

temperature was increased to 60ºC, and finally an increase as the temperature was 

increased to 80ºC.  All of the other synthesized catalysts showed an increase in activity as 

the temperature was increased to 40ºC, and then the activity decreased as the temperature 

was further increased. 

	  

Figure 3.20.  Observed rates for the hydrogenation of naphthalene at 294 psig H2 and 

various temperatures using select catalysts.   
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  The hydrogenation of quinoline at constant pressure (15 psi H2) and various 

temperatures was also studied using several catalysts (Fig. 3.21).  Unlike the previous 

temperature and pressures studies, this study was performed on a Schlenk line at 

atmospheric hydrogen pressure.  The progress of the reactions was monitored by GC, in 

which a sample of the reaction mixture was analyzed ever 15 minutes for the first two 

hours of the reaction, followed by every hour for an additional five hours.  Furthermore, 

because the reactions were being monitored by GC, decahydronaphthalene was added as 

an internal standard.  The first two hours of data was used to calculate the observed rates, 

and only the partially hydrogenated product, 1,2,3,4-tetrahydroquinline, was detected via 

GC.  The commercial 0.5% Rh/Al2O3 and Rh0.5Pt0.5/Al2O3 catalysts demonstrated very 

similar catalytic activities at all of the temperatures studied.  The commercial catalyst 

demonstrated a slightly higher catalytic activity at 22ºC, but the Rh0.5Pt0.5/Al2O3 catalyst 

exhibited a comparable or higher activities at 40, 60 and 80ºC.  The next most active 

catalyst was the monometallic Rh1/Al2O3 catalyst, which showed a decrease in activity at 

40ºC, but then a large increase in activity as the temperature was further increased to 

60ºC.  The activity stayed constant as the temperature approached 80ºC.  The trimetallic 

Rh0.33Pt0.33Ir0.33/Al2O3 catalyst exhibited an increase in activity as the temperature was 

increased to 40ºC, a decrease at 60ºC and an increase at 80ºC.  Finally, the 

Rh1/Al2O3(25%)-SiO2(75%) catalyst was inactive at 15 psi H2 and at all temperatures 

studied.  
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Figure 3.21.  Observed rates for the hydrogenation of quinoline at 15 psi H2 and various 

temperatures using select catalysts.  The observed rate was measured using the amount of 

1,2,3,4-tetrahydroquinoline formed per mol of metal in the catalyst per hour. 

	  

 Once the temperature and pressure studies were completed for the hydrogenation 

of naphthalene and quinoline, the activity for each catalyst was then measured using the 

combination of the most active pressure and the most active temperature in an attempt to 

achieve the maximum catalytic activity for each catalyst.  Shown in Fig. 3.22 are the 

results using naphthalene as the substrate.  It can be seen that the only situation in which 

a combination of the most active pressure and temperature lead to a higher activity was 

using the Rh1/Al2O3(75%)-TiO2(25%) catalyst and the Rh1/Al2O3 catalyst.  With the other 

catalysts, there was either no significant increase in the catalytic activity, such as with the 
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Rh0.5Pt0.5/Al2O3 and Rh1/Al2O3(75%)-SiO2(25%) catalysts, or there was a decrease in the 

catalytic activity, like with 0.5% Rh/Al2O3 and Rh0.33Pt0.33Ir0.33/Al2O3. 

 

Figure 3.22.  Comparison of the observed rates for the hydrogenation of naphthalene at 

constant pressure and various temperatures, constant temperature and various pressures 

and combination of the most active temperature and pressure.  Blue: highest obs. rate in 

temperature studies at 294 psig H2.  Red: highest obs. in pressure studies at 295 K.  

Green: obs. rate at best pressure and best temperature. 

	  

 A combination of the most active temperature and pressure were also used for the 

hydrogenation of quinoline in an attempt to determine the most active conditions for the 

studied catalysts.  From Fig. 3.23, for all catalysts except Rh1/Al2O3(25%)-SiO2(75%), the 
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combination of the most active temperature and pressure yielded a higher catalytic 

activity than either the most active pressure at 295 K or the most active temperature at 

294 psig H2.  The Rh1/Al2O3, Rh0.5Pt0.5/Al2O3 and Rh0.33Pt0.33Ir0.33/Al2O3 catalysts all gave 

similar activities when then most active temperature and pressure combinations were 

used.  The other synthesized catalyst, Rh1/Al2O3(25%)-SiO2(75%), exhibited a very low 

activity for the hydrogenation of quinoline, and was only active at elevated pressures.  

However, the commercial catalyst demonstrated a much higher catalytic activity than any 

of the synthesized catalysts with an observed rate of 74 h-1.   
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Figure 3.23.  Comparison of the observed rates for the hydrogenation of quinoline at 

constant pressure and various temperatures, constant temperature and various pressures 

and combination of the most active temperature and pressure.  Blue: highest obs. rate in 

temperature studies at 294 psig H2.  Red: highest obs. in pressure studies at 295 K.  

Green: obs. rate at best pressure and best temperature. 

 

 Finally, the quantity of quinoline was varied to determine the amount substrate 

loading that each catalyst could tolerate.  Previously all studies had been performed using 

a one hundred fold molar excess of substrate when compared to the molar amount of 

metal in the catalysts.  By examining a higher substrate loading, higher catalytic rates 

may be obtained and the longevity of a catalyst can be examined.  A loading study was 

performed using the 0.5% Rh/Al2O3, Rh1/Al2O3, Rh0.5Pt0.5/Al2O3 and Rh0.33Pt0.33Ir0.33/Al2O3 
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catalysts and substrate ratios of 200, 500 and 1000 in addition to the previously studied 

ratio of 100 (Fig. 3.24).  Both the partially hydrogenated (1,2,3,4-tetrahydroquinoline) 

and fully hydrogenated (decahydroquinoline) products were formed. 

 

Figure 3.24.  Quinoline loading study in which the observed rate was measured as a 

function of the molar ratio of quinoline.  The observed rate is given as mole of H2 

consumed per mole of metal in catalyst per hour.  The reactions were run at 441 psig H2, 

and either 60 or 80ºC depending on which temperature would yield the highest catalytic 

activity for a given catalyst. 

	  

 At the lowest loading ratio of 100, the commercial 0.5% Rh/Al2O3 catalyst was 

the most active, with the other three synthesized catalysts giving similar catalytic 

activities.  The Rh1/Al2O3 catalyst demonstrated the highest catalytic activity at loading 

ratios of 200, followed by the Rh0.33Pt0.33Ir0.33/Al2O3 catalyst and the commercial 0.5% 
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Rh/Al2O3 catalyst.  The Rh1/Al2O3 catalyst also exhibited the highest catalytic activity at a 

loading ratio of 500, followed by the bimetallic Rh0.5Pt0.5/Al2O3 catalyst and the 

commercial 0.5% Rh/Al2O3 catalyst.  For the most active catalyst overall (the Rh1/Al2O3 

catalyst at a temperature of 80ºC and an initial pressure of 441 psig) a total pressure drop 

of 110 psi was observed during the first two hours of the catalytic reaction.  At the 

highest loading ratio examined, the trimetallic Rh0.33Pt0.33Ir0.33/Al2O3 catalyst demonstrated 

a significantly higher catalytic activity than any of the other examined catalysts.  The 

next most active catalyst was the Rh1/Al2O3 catalyst, followed by the commercial 0.5% 

Rh/Al2O3 catalyst and the bimetallic Rh0.5Pt0.5/Al2O3 catalyst.  For the commercial 

catalyst, the highest catalytic activity was obtained when the quinoline ratio was 200.  At 

higher ratios of 500 and 1000, the catalytic activity decreases, suggesting that at higher 

ratios substrate inhibition was occurring.  The Rh1/Al2O3 catalyst demonstrated the 

highest catalytic activity at a ratio of 500, and upon further increasing the quinoline 

loading ratio, there was a dramatic drop in the catalytic activity suggesting that substrate 

inhibition was occurring at a loading ratio of 1000.  For the bimetallic Rh0.5Pt0.5/Al2O3 

catalyst, it appears to be exhibiting similar trends in activity as those observed for the 

Rh1/Al2O3 catalyst.  Lastly, the trimetallic Rh0.33Pt0.33Ir0.33/Al2O3 catalyst exhibited an 

increase in activity as the ratio was increased to 200, a decrease at 500, and then a further 

increase at 1000. 

 The last set of experiments that were performed was the neat or solventless 

hydrogenation of quinoline using the same catalysts that were used for the quinoline 

loading study.  No solvent was used, and 9.0 ml of quinoline was added giving a 

substrate to metal ratio of 2000:1, which was higher than the loading ratios used during 
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the quinoline loading study.  The results from the neat quinoline hydrogenation study are 

shown in Table 3.1.  From these results, it can be clearly seen that all of the studied 

catalysts were active for this reaction despite the lack of solvent.  The observed rate was 

measured using the first two hours of the hydrogen consumption data, and the rate was 

given as the mol of H2 consumed per mol of metal in the catalyst.  The reaction was 

allowed to continue until the decrease in hydrogen pressure was < 1 psi/hour, and at the 

end of each reaction a portion of the reaction mixture was analyzed by GC.  For each 

catalyst, only tetrahydroquinoline was detected as the hydrogenation product.  

Considering the activities demonstrated by the different catalysts, the commercial 0.5% 

Rh/Al2O3 catalyst demonstrated the highest observed rate with a value of 214 h-1, though 

the Rh1/Al2O3 catalyst exhibited a similar activity with an observed rate of 205 h-1.  For 

the most active catalyst (the commercial 0.5% Rh/Al2O3 catalyst at a temperature of 60ºC 

and an initial pressure of 441 psig) a total pressure drop of 49 psi was observed during 

the first two hours of the catalytic reaction.  The bimetallic Rh0.5Pt0.5/Al2O3 catalyst 

demonstrated an observed rate of 141 h-1 and the trimetallic Rh0.33Pt0.33Ir0.33/Al2O3 catalyst 

was the least active with an observed rate of 69 h-1 despite the trend previously seen in 

Fig. 3.24 for the quinoline loading study.  However, despite the different rates observed 

for the catalysts, they all yielded similar product distributions once the reaction was 

stopped.  For each catalyst, it appears that only 70% of the quinoline was hydrogenated to 

tetrahydroquinoline before the reaction had essentially stopped.  This suggests that 

despite the fact that some of the catalysts are faster than others, they all yield the same 

product distribution.  Another interesting point to note are the lengths of time observed 

before the reaction appeared to stop.  Despite the fact that the Rh1/Al2O3 catalyst was not 
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quite as active as the commercial 0.5% Rh/Al2O3 catalyst, it obtained the same product 

distribution in only 93 hours while it took 115 hours for the commercial catalyst.  This 

suggests the activity of the commercial 0.5% Rh/Al2O3 catalyst was decreasing during the 

course of the reaction when compared to the Rh1/Al2O3 catalyst. 

 

Table 3.1.  Neat Quinoline Hydrogenation Results using Select Catalysts.a 

Catalyst 
Obs. 
rate   
(h-1)b 

Time 
(h) 

% 
Quinoline 

% 
Tetrahydroquinoline 

Comm. 0.5% Rh/Al2O3 214 115 27.1 72.9 

Rh1/Al2O3 205 93 28.7 71.3 

Rh0.5Pt0.5/Al2O3 141 145 29.5 70.5 

Rh0.33Pt0.33Ir0.33/Al2O3 69 156 28.2 71.8 
a Reaction conditions: 441 psig H2, 60 or 80°C, no solvent, 3.8 x 10-5 mol metal, substrate/cat. = 2000:1 = 
0.076 mol quinoline. 

b Observed rate given as mol of hydrogen consumed per hour, and was measured using the first two hours 
of hydrogen consumption data. 

 

Materials Characterization 

 Both XPS and TEM were used to characterize the synthesized catalysts to obtain 

information about the oxidation state of the metals and the size of the metal 

nanoparticles.  Both the Rh0.5Pt0.5/Al2O3 and 0.5% Rh/Al2O3 catalysts were previously 

characterized, and the results are shown in Chapter 2.  Shown in Figs 3.25-3.27 are the 

XPS results for the Rh0.33Pt0.33Ir0.33/Al2O3 catalyst.  Charge neutralization was done using 

an electron gun to prevent charging of the same during analysis, and all binding energies 
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were compared to those in the NIST XPS database to determine the oxidation states of 

the relevant metal peaks.  From Fig 3.25, the binding energy of the Rh 3d peak was 

measured to be 306.9 eV, indicating the metal is in the zero oxidation state.  Because the 

Pt 4f and Al 2p peaks overlap in an XPS spectra, a curve-fitting program was used to 

obtain information about the Pt 4f peak.  The binding energy of the Pt 4f peak was 

determined to be 71.4 eV, indicating the metal is in the zero oxidation state (Fig. 3.26).  

The binding energy of the Ir 4f7/2 peak was measured to be 60.7 eV, indicating the metal 

was in the zero oxidation state (Fig. 3.27).  XPS spectra were also obtained for Rh1/Al2O3 

(Fig 3.28) and Rh1/Al2O3(25%)-SiO2(75%) (Fig. 3.29).  For Rh1/Al2O3 the binding energy 

of the Rh 3d peak was determined to be 308.3 eV, suggesting that the Rh was oxidized to 

Rh(III).  For Rh1/Al2O3(25%)-SiO2(75%), the binding energy of the Rh 3d peak was 

measured to be 308.7 eV, also indicating that the Rh was oxidized to Rh(III).  While the 

XPS characterizations were performed ex situ it is unlikely that the oxidized Rh 

nanoparticles are being reduced under the catalytic conditions because elevated 

temperatures (> 450 K) are usually required to observe appreciable reduction.39 
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Figure 3.25.  High resolution XPS spectrum of Rh in Rh0.33Pt0.33Ir0.33/Al2O3.  The Rh 3d 

peak has a binding energy of 306.9 eV indicating it is in the zero oxidation state. 

	  

	  

Figure 3.26.  High resolution XPS spectra of Pt in Rh0.33Pt0.33Ir0.33/Al2O3.  The Pt 4f peak 

at 71.4 eV indicates that it is Pt(0). 
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Figure 3.27.  High resolution XPS spectrum of Ir in Rh0.33Pt0.33Ir0.33/Al2O3.  The apparent 

Ir 4f7/2 peak is at 60.7 eV, which corresponds to Ir(0). 

	  

	  

Figure 3.28.  High resolution XPS spectrum of Rh in Rh1/Al2O3.  The Rh 3d peak has a 

binding energy of 308.3 eV, suggesting that the Rh was oxidized to Rh(III). 
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Figure 3.29.  High resolution XPS spectrum of Rh in Rh1/Al2O3(25%)-SiO2(75%).  The 

Rh 3d peak binding energy is 308.7 eV, which suggests that the Rh was oxidized to 

Rh(III). 

 

While XPS provided information on the oxidation states of the metals present in 

the nanoparticle catalysts, it does not provide any insight into the size of the 

nanoparticles.  To obtain this information, TEM images and nanoparticle histograms 

were obtained for the Rh1/Al2O3 (Fig. 3.30), Rh1/Al2O3(25%)-SiO2(75%) (Fig. 3.31) and 

Rh0.33Pt0.33Ir0.33/Al2O3 (Fig. 3.32) catalysts.  From the TEM image for the Rh1/Al2O3 

catalyst, small nanoparticles can be seen.  The nanoparticle size was measured to be 2.6 + 

0.5 nm, highlighting the very small size of these nanoparticles.  From the TEM image and 

nanoparticle histogram for the Rh1/Al2O3(25%)-SiO2(75%) catalyst, the nanoparticle size 

was measured to be 2.7 + 0.7 nm.  The average nanoparticles size for the 

Rh0.33Pt0.33Ir0.33/Al2O3 catalyst was determined to be 2.7 + 0.6 nm from the TEM image. 
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Figure 3.30.  Dark field TEM image and particle size histogram for Rh1/Al2O3. 

	  

	  

Figure 3.31.  Dark field TEM image and particle size histogram for Rh1/Al2O3(25%)-

SiO2(75%). 
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Figure 3.32.  Dark field TEM image and particle size histogram for Rh0.33Pt0.33Ir0.33/Al2O3. 

	  

From the nanoparticle sizes obtained from the TEM images, the surface areas of 

each catalyst and the TOF may be determined using the same methodology as described 

in Chapter 2.  For the Rh0.5Pt0.5/Al2O3 catalyst, a total surface area of 0.433 m2 was 

calculated, 0.240 m2 for the commercial 0.5% Rh/Al2O3 catalyst, 0.488 m2 for the 

Rh1/Al2O3 catalyst and 0.486 m2 for the Rh0.33Pt0.33Ir0.33/Al2O3 catalyst.  While these values 

are within an order of magnitude of each other, they do give different corrected TOF 

values.  Using the observed rate values for the neat hydrogenation of quinoline given in 

Table 3.1, the TOF (corrected for total surface area) was determined to be 7.31 x 10-3 mol 

of H2 consumed per hour per m2 for the Rh0.5Pt0.5/Al2O3 catalyst, 3.39 x 10-2 for the 

commercial 0.5% Rh/Al2O3 catalyst, 1.60 x 10-2 for the Rh1/Al2O3 catalyst and 5.40 x 10-3 

for the trimetallic Rh0.33Pt0.33Ir0.33/Al2O3 catalyst.  These values give relative TOFs of 1 for 

the Rh0.5Pt0.5/Al2O3 catalyst, 4.6 for the commercial 0.5% Rh/Al2O3 catalyst, 2.19 for the 

Rh1/Al2O3 catalyst and 0.74 for the trimetallic Rh0.33Pt0.33Ir0.33/Al2O3 catalyst.  Based on 

the corrected TOF values, the commercial 0.5% Rh/Al2O3 catalyst appears to be twice as 

active based on surface area when compared to the Rh1/Al2O3 catalyst whereas when 

simply based on the molar amount of metal they give very similar observed rates. 
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3.3  Conclusions 

 In this chapter, the synthesis and screening of a large number of trimetallic 

catalysts for the hydrogenation of toluene under ambient conditions was described.  

Through this screening approach, one trimetallic catalyst was selected for further studies.  

A series of mono-, bi- and trimetallic nanoparticle catalysts supported on mixed metal 

oxides were synthesized and screened for the hydrogenation of several mono-, poly-, and 

heteroaromatic substrates utilizing the facilities at the Centre for Catalysis Research and 

Innovation at the University of Ottawa.  Overall, six nanoparticle compositions supported 

on 12 different mixed metal oxides were synthesized and were screened for 

hydrogenation activity for seven different substrates.  Five of the seven substrates were 

successfully hydrogenated under the chosen reaction conditions, and 56 of the 72 

examined catalysts were catalytically active. 

 Several catalysts were then chosen for further studies for the hydrogenation of 

naphthalene and quinoline.   For both substrates, temperature and pressure studies were 

performed to determine the conditions under which the highest catalytic activity could be 

obtained.  A loading study was also conducted using quinoline as a substrate to obtain 

information about the longevity of the catalysts.   

 Finally, TEM and XPS were used to characterize the active catalysts that were 

used for the bulk hydrogenation studies.  The Rh0.5Pt0.5/Al2O3 and Rh0.33Pt0.33Ir0.33/Al2O3 

catalysts were determined to consist of small, zero oxidation state nanoparticles.  The 
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commercial 0.5% Rh/Al2O3, Rh1/Al2O3 and Rh1/Al2O3(25%)-SiO2(75%) catalysts were 

found to be comprised of small, oxidized nanoparticles.   

 

3.4 Experimental 

Materials.   

RuCl3•XH2O (99.9%-Ru), IrCl3•XH2O (99.9%-Ir), Na2PtCl4•XH2O, RhCl3•XH2O 

(38-41% Rh), and 0.5% Rh/Al2O3 (pellets) were purchased from Strem Chemicals.  

Aluminum-sec-butoxide (95%), titanium (IV) isopropoxide (95%), pyridine (HPLC 

Grade, 99.5+%), quinoline (98%), indole (99%), thiophene (99%) and benzothiophene 

(98+%), decahydronaphthalene (98%) were purchased from Alfa Aesar.  Naphthalene 

was purchased from Caledon.  Tetraethoxysilane (TEOS) was purchased from Fluka.  

Ethanol (100%, anhydrous) was purchased from Commercial Alcohol.  Millipore water 

was used throughout.  Hydrochloric acid (concentrated) was purchased from EMD.  

Isopropanol and toluene were purchased from Fischer Scientific.  Isopropanol was dried 

over molecular sieves and stored under argon until used.  Toluene was purified through a 

solvent purification system and was stored under argon until used.  Hydrogen, argon, and 

5% hydrogen / 95% argon were supplied by Praxair. 

 

Instrumentation.   

A Cavro MSP 9500 Automated Sample Processor purchased from Symyx was 

used to dispense the substrate solutions into the sample plates.  A High Pressure Reactor 
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and Heated Orbital Shaker System (HOSS) purchased from Symyx were used for the 

reaction testing at a temperature of 22ºC and at an orbital shaking speed of 450 rpm.  An 

Agilent 5975B GC-MS was used to analyze the components of the hydrogenation 

reaction during the catalyst screening.  A Parr pressure vessel, model 4774-T-SS-3000 

and a model 4838 controller with a pressure display module was used to monitor the 

progress of the bulk hydrogenation reactions.  A Varian CP-3800 Gas Chromatograph 

with a CP-4800 autosampler with a fused silica capillary column and a FID detector was 

used to analyze the samples of the reaction mixture during the bulk hydrogenation 

reactions.  For the TEM analysis, a JEOL JEM-2200FS TEM was used in STEM mode.  

For XPS a Kratos Analytical, Axis-Ultra instrument was used for the sample analysis.  

XPS were performed under UHV conditions (<10-8 Torr). 

 

Trimetallic Catalyst Synthesis.   

The procedure for the trimetallic catalyst synthesis is similar to that used for the 

synthesis of the bimetallic catalysts.37  0.133 M solutions of the required metal salts in 

ethanol were prepared, as was a 1.788 M solution of aluminum-sec-butoxide in 

dichloromethane and a solution consisting of 1.0 ml ethanol, 13 µl concentrated 

hydrochloric acid and 71 µl of water.  The sample holders were centered on the stir plate, 

and glass coated stir bars (5 mm x 6 mm) were added to each well.  The desired amount 

of each metal salt solution was added quickly (in under one second) to each well to give 

the desired metal loading and ratio of the two metals (e.g. 6.67 µl of each metal salt 

solution would give a 1:1:1 ratio of the three metals with a total metal loading of 1 mol 

%).  Then 300 µl of ethanol followed by 298 µl of 1.788 M aluminum-sec-butoxide were 
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quickly (under one second) added to each well via pipette.  After stirring for 

approximately five minutes, 218 µl of the ethanol/hydrochloric acid/water solution was 

quickly (under one second) added.  Each sample holder was covered with parafilm; the 

parafilm was punctured several times above each well and the solution was allowed to 

age and dry overnight in laboratory ambient conditions.  After processing, each sample 

holder was placed in a vial, which was capped with a septum. 

 

Bulk Catalyst Synthesis.   

Catalysts were synthesized based on the previously published procedure.37  

Briefly, 0.133 M metal salt solutions in ethanol and a 1.788 M aluminum sec-butoxide 

solution in dichloromethane were prepared.  A solution consisting of 20.0 ml ethanol, 

0.260 ml concentrated hydrochloric acid and 1.42 ml Millipore water was also prepared.  

0.375 ml of each of the metal salt solutions (for a 50:50 ratio of the two metals for a total 

metal loading of 1%) was added to a 100 ml polypropylene beaker followed by the 

following amounts of ethanol, 1.788 M aluminum sec-butoxide, titanium (IV) 

isopropoxide, tetraethoxysilane (TEOS), and after stirring for 5 minutes, EtOH/HCl/H2O, 

depending on the desired composition of the support material. 
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Table 3.2. Amounts of Reagents and Solvents Required for Catalyst Synthesis. 

Support Composition EtOH 
(ml) 

1.788 M 
Al(OBu)3 (ml) 

Titanium (IV) 
isopropoxide (ml) 

TEOS 
(ml) 

EtOH/HCl/H2O 
(ml) 

Al2O3 11.3 11.2 0 0 8.1 
SiO2 5.6 0 0 2.18 4.1 
TiO2 5.6 0 3.0 0 4.1 

Al2O3(25%)- SiO2(75%) 7.0 2.8 0 1.64 5.1 
Al2O3(50%)- SiO2(50%) 8.4 5.6 0 1.09 6.1 
Al2O3(75%)- SiO2(25%) 9.8 8.4 0 0.545 7.1 
Al2O3(25%)- TiO2(75%) 7.0 2.8 2.25 0 5.1 
Al2O3(50%)- TiO2(50%) 8.4 5.6 1.5 0 6.1 
Al2O3(75%)- TiO2(25%) 9.8 8.4 0.75 0 7.1 
SiO2(25%)- TiO2(75%) 5.6 0 2.25 0.545 4.1 
SiO2(50%)- TiO2(50%) 5.6 0 1.5 1.09 4.1 
SiO2(75%)- TiO2(25%) 5.6 0 0.75 1.635 4.1 

 

Each solution was allowed to age and dry overnight in laboratory ambient 

conditions.  Once completely dry, all catalysts were calcined in air in a tube furnace using 

the following program: heat to 65ºC (rate 1ºC/min), hold at 65ºC for 30 minutes, heat to 

250ºC (rate 1ºC /min), hold at 250ºC for 3 hours, cool to 25ºC (rate 1ºC /min).  Then the 

catalyst was hydrogen annealed under a 5% H2 / 95% Ar atmosphere as follows: heat to 

300ºC (rate 5ºC/min), hold at 300ºC for 3 hours, cool down to 25ºC rapidly by opening 

the furnace.  The catalyst was stored under Ar until used. 

 

Trimetallic Catalyst Screening.   

A solution of 7.7 ml isopropanol, 0.456 ml decahydronaphthalene (internal 

standard) and 0.380 ml toluene was prepared.  A necessary number of lines on the 

Schlenk line were split with Y joints and additional tubes were attached.  A syringe barrel 

was inserted into the end of each tube and a needle was attached to each syringe.  As 

described earlier (Catalyst screening synthesis of 1 mol% metal loading) each sample 

holder containing the prepared catalyst is located in an individual vial.  The septum on 
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each vial was pierced with a needle that was attached to the Schlenk line (Fig. 2.7).  The 

vials underwent three of the following cycles: the vials were placed under vacuum and 

then back filled with Ar.  This was repeated with Ar and then with H2.  1 ml of 

isopropanol was added to the bottom of each vial (but not to the sample holder), to 

minimize evaporation losses from the sample holder.  Next, 0.77 ml of the previously 

prepared solution was added to each sample holder.  The vials were stirred for 4 hours 

under 15 psi H2 and at 22ºC.  After 4 hours, each sample holder was removed from the 

vial.  As much of the reaction mixture as possible was removed from the sample holder 

with a Pasteur pipette.  The reaction mixture was filtered through a different Pasteur 

pipette packed with a small amount silica gel directly into a GC vial.  The substrate and 

products were diluted with 1.0 ml dichloromethane.  The screening hydrogenation results 

obtained for Rh0.5Pt0.5/Al2O3 were performed in triplicate. 

 

Screening Hydrogenation using Facilities and Equipment at CCRI.   

Each plate that was tested contained 96 vials, and in each vial 2 x 3 mm 

borosilicate glass beads were added (Fig. 3.33).  The appropriate amount of catalyst (9-16 

mg depending on the composition of the catalyst) was manually weighed into each vial to 

an accuracy of + 0.4 mg.  After each vial contained the appropriate amount of catalyst, 

the plate was placed into Cavro MSP 9500 Automated Sample Processor.  0.38M 

substrate solutions in isopropanol were prepared in 20 ml vials and these vials were also 

loaded into the sample processor.  The sample processer was then programmed to 

dispense 0.4 ml of the appropriate substrate solution into each vial.  Once all of the 

substrate solutions had been dispensed, the plate was removed from the sample processer, 
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and was sealed with a top metal plate consisting of a Teflon sheet with a hole above each 

vial, a silicon sheet with a hole above each vial and a metal plate with one-way check 

values (Fig. 3.34).  The top plate was then screwed down securely and the plate was then 

encased in a batch reactor (Fig. 3.35).  The batch reactor was then leak tested by 

pressurizing with nitrogen and monitoring the pressure for several minutes.  If there was 

no change in pressure, then the nitrogen gas was vented, and the batch reactor was purged 

with hydrogen three times by slowly pressurizing the batch reactor to the desired 

pressure, and then slowly depressurizing it.  After purging, the batch reactor was 

pressurized a final time, and then sealed.  The batch reactor was disconnected from the 

gas line and loaded into the HOSS (Fig. 3.36).  The HOSS was then programmed to 

operate at 22ºC at 450 rpm for the allotted amount of time.  After the allotted amount of 

time, the HOSS was stopped, and the batch reactor was removed, and depressurized very 

slowly.  The batch reactor was then disassembled, the plate was removed from the batch 

reactor, and the vials were transferred into a different plate for analysis.  The analysis 

plate was then sealed with a top plate consisting of a solid Teflon sheet, a solid rubber 

sheet, and then the top metal plate that had holes directly above each vial (Fig. 3.37).  

The top plate was then screwed down securely to prevent cross-contamination from the 

other vials.  This plate was then loaded into the GC-MS for analysis. 
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Figure 3.33.  Screening plate containing 96 vials. 

	  

 

Figure 3.34.  Assembled screening plate with top plate. 

	  

 

Figure 3.35.  Batch reactor. 
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Figure 3.36.  Heated orbital shaker system (HOSS). 

	  

 

Figure 3.37.  Plate used for GC-MS analysis. 

	  

Bulk Hydrogenation - Naphthalene pressure and temperatures studies, quinoline 

pressure study, combination studies.  

The appropriate amount of catalyst to give 3.8 x 10-5 mol of metal was weighed 

into a 20 ml glass beaker and a glass coated stir bar was added.  Then a 0.38 M solution 

of the substrate in iso-propanol was prepared, and 10.0 ml of this solution was added to 

the beaker.  The beaker was then placed into the bottom of the Parr reactor with the gas 
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inlet in the reaction solution (and the temperature thermocouple for the temperature and 

combination studies).  The Parr reactor was assembled, and the reactor was purged 3 

times with H2 by pressurizing followed by venting of the H2 gas.  The reactor was then 

pressurized to the desired pressure, (and allowed to come to the set temperature for the 

temperature and combination studies) the recorder program was started, and the speed of 

the stir plate was set.  The pressure of the reaction was monitored for a minimum of 7 

hours.  At the end of each hydrogenation reaction, the reactor was disassembled and a 

sample of the reaction mixture was analyzed by gas chromatography to determine the 

hydrogenation products. 

 

Bulk Hydrogenation – Quinoline temperature study.   

An appropriate amount of catalysts to give 3.8 x 10-5 mol of metal was weighed 

into a 3-neck round bottom flask.  A glass coated stir bar was added to the flask, and then 

a reflux condenser was added to the middle neck of the round bottom flask.  A gas 

adapter was attached to the top of the reflux condenser, and the other two necks on the 

round bottom flask were sealed with septa.  The round bottom flask was then placed into 

an oil bath that had been heated to the desired temperature.  The flask and reflux 

condenser were then purged with Ar by playing the entire apparatus under vacuum, and 

then back filling it with Ar.  This was repeated twice more, and then 10.0 ml of iso-

propanol were transferred into the round bottom flask.  Then the flask and reflex 

condenser were purged with hydrogen by briefly placing the entire apparatus under 

vacuum and then back filling it with H2.  This was repeated for a total of 5 times.  Next 

0.59 ml (3.8 x 10-3 mol) of decahydronaphthalene (internal standard) and 0.45 ml (3.8 x 
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10-3 mol) of quinoline were added via syringe.  The reaction was monitored every 15 

minutes for the first 2 hours, and then every hour for an additional 5 hours.  To measure 

the progress of the hydrogenation reaction 0.2 ml portions were removed from the 

reaction mixture, and were filtered into a GC vial for analysis.  Then 0.5 ml of 

dichloromethane was run through the used filter into the same GC vial, and finally an 

additional 1.0 ml of dichloromethane was added. 

 

Bulk Hydrogenation – Quinoline loading study.   

The appropriate amount of catalyst to give 3.8 x 10-5 mol of metal was weighed 

into a 20 ml glass beaker and a glass coated stir bar was added.  Then 10.0 ml of iso-

propanol was added followed by the desired amount of quinoline to give the correct 

quinoline to catalyst ratio (0.9 ml for a 200:1 ratio, 2.25 ml for a 500:1 ratio, 4.5 ml for a 

1000:1 ratio).  The beaker was then placed into the bottom of the Parr reactor with the gas 

inlet and the thermocouple in the reaction solution.  The Parr reactor was assembled, the 

stir plate was set to a stir speed of 7 and the reactor was purged 3 times with H2 by 

pressurizing followed by venting of the H2 gas.  The reactor was then pressurized to the 

desired pressure and allowed to come to the set temperature, and the recorder program 

was started.  The pressure of the reaction was monitored until the decrease in pressure 

was <1 psi/hour, and the reactor was repressurized as needed.  At the end of each 

hydrogenation reaction, the reactor was disassembled and a sample of the reaction 

mixture was analyzed by gas chromatography to determine the hydrogenation products 

and their amounts. 
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Bulk Hydrogenation – Neat quinoline hydrogenation study.   

 This study was performed following the procedure outlined for the quinoline 

loading study, except no iso-propanol was added, and 9.0 ml of quinoline was used for 

each catalyst. 

 

Sample preparation for XPS and TEM 

 XPS: The dried sample was first finely grounded to reduce the particle size.  The 

ground powders were then placed into a die and pressed into a pellet under high pressure.  

The pellet was then used for XPS analysis.  TEM (before hydrogenation): Raw samples 

were carefully ground with a mortar and pestle for 20 minutes.  The average particle size 

is less then 100 nm after ground.  A small amount of the ground powder was then 

mounted on a carbon-coated grid for TEM analysis.  TEM (after hydrogenation): After 

reaction, the solvent was removed/vaporized under vacuum overnight.  The raw sample 

was then ground and sprayed on a carbon coated TEM grid. 
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Chapter 4 

Conclusions 

 

  This thesis has discussed the development and application of a simple screening 

approach for the synthesis and screening of heterogeneous nanoparticle catalysts for the 

hydrogenation of mono-, poly- and heteroaromatic substrates under mild conditions.  To 

conclude, this chapter highlights the results of each chapter and addresses further 

applications for our synthesized nanoparticle catalysts as well as potential research 

directions for heterogeneous nanoparticle catalysis. 

 

4.1.  Summaries of Chapters 

Chapter 1 

  Chapter 1 discussed the background behind this thesis research.  The concept of 

nanoparticles as highly active catalysts was introduced, followed by the advantages of 

utilizing nanoparticle catalysts and the criterion to prepare catalytically active 

nanoparticles.  Then the two different types of nanoparticles (soluble and supported) and 

their various synthetic approaches, advantages and disadvantages were described.  

  Since this body of work focuses on supported nanoparticle catalysts, specifically 

those supported on metal oxides, the reasoning behind using metal oxides as catalytic 

supports was explained.  The synthesis of common metal oxides and how their properties 

could be tailored by modifying the synthesis parameters were described.  
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  Lastly, the concept of combinatorial materials chemistry was introduced as a 

method to quickly and efficiently synthesize and test new materials for a desired property.  

The goals behind this approach as well as the challenges and limitations were discussed.  

Several pertinent examples from the literature were introduced to indicate the current state 

of this field as it applies to heterogeneous catalyst discovery. 

 

Chapter 2 

  In Chapter 2, an industrial application of nanoparticle catalysts as they pertain to 

oil sands upgrading and aromatic hydrogenation was briefly introduced.  Several current 

problems with the industrial catalysts used for oil sands upgrading were identified, 

leading to widespread interest in developing new classes of catalysts that are active under 

milder conditions and are more nitrogen and sulfur tolerant.  Bimetallic nanoparticle 

catalysts were introduced as a possible method to achieve some of the previously 

mentioned goals with regards to new catalysts development.  Then, as a model reaction, 

monoaromatic hydrogenation using nanoparticle catalysts was discussed.  Several 

examples of nanoparticle catalysts that were active under mild conditions were given, 

demonstrating the challenge that this reaction presents. 

  While a limited number of bimetallic nanoparticle catalysts had been previously 

explored as aromatic hydrogenation catalysts, we were interested in investigating a 

broader range of nanoparticle compositions.  By using a combinatorial approach for the 

synthesis and catalysts screening, we would be able to screen a much larger range of 

nanoparticle compositions in a quick and time efficient manner than by synthesizing and 

testing each unique catalyst individually. 
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The procedure for the synthesis and screening of heterogeneous bimetallic 

nanoparticle catalysts for the hydrogenation of toluene was described.  Using 13 different 

transition metals, a series of mono- and bimetallic nanoparticle catalysts supported on 

alumina were synthesized.  When these nanoparticle catalysts were screened for the 

hydrogenation of toluene, several new active bimetallic catalysts were identified (RhPt, 

RhIr, RuPt, IrPt).  Next, while maintaining a constant metal loading, the ratios of the two 

metals in the bimetallic catalysts were systematically varied to determine the ideal ratio of 

the two metals so that the maximum catalytic activity could be achieved.   

  Following any screening or combinatorial approach, potential hits must be 

confirmed by thorough testing in bulk.  The five active mono- and bimetallic nanoparticle 

catalysts were synthesized in bulk and were tested for the hydrogenation of toluene under 

ambient conditions.  Other variables including metal loading, solvent, temperature, 

pressure and ratio of toluene to metal were also examined.  Through the temperature 

studies, the activation energy was calculated to be to be 30.4 kJ/mol.  This activation 

energy is moderate when compared to those previously reported for arene hydrogenation.  

  A series of CS2 poisoning experiments were performed on the Rh0.5Pt0.5/Al2O3 and 

commercial 0.5% Rh/Al2O3 catalysts in triplicate to determine the number of catalytically 

active sites present, and to allow for more accurate comparison of the activities of the two 

catalysts.  Upon performing the poisoning study, the amount of CS2 required to 

completely deactivate each catalyst was calculated to be 0.081 mol CS2 / mol total metal 

for the Rh0.5Pt0.5/Al2O3 catalyst and 0.046 mol CS2 / mol total metal for the 0.5% Rh/Al2O3 

catalyst, indicating that there were more catalytically active sites present in the bimetallic 

catalyst that in the commercial catalyst.  When the corrected TOFs were calculated, 
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similar values were obtained.  The need for a higher quantity of catalyst poison (CS2) for 

the bimetallic catalysts suggests that there are more active (but less reactive) sites than in 

the commercial 0.5% Rh/Al2O3 catalyst.  

Finally, TEM, XPS and BET were used to characterize the active nanoparticle 

catalysts.  Through the use of standard materials characterization techniques, all of the 

bimetallic catalysts were determined to consist of small, zero oxidation state nanoparticles 

that were well dispersed throughout the alumina supports. 

 

Chapter 3 

Chapter 3 described the expansion of the work begun in Chapter 2.  While the 

concept of monoaromatic hydrogenation under mild conditions was previously discussed 

in detail, in Chapter 3 both poly- and heteroaromatic hydrogenation were briefly 

introduced.  These two types of aromatic hydrogenation are also of interest to the 

industrial sector as means of further upgrading bitumen into synthetic crude oil.  However 

these reactions are quite challenging due to the difficulty in obtaining deep hydrogenation 

of the polyaromatic hydrocarbons, and the possibility that the heteroaromatic substrates 

will behave as catalytic poisons.  Bimetallic nanoparticle catalysts were briefly introduced 

once again, and a few examples from the literature were given to demonstrate the 

potential for increased activity and poison tolerance that these bimetallic catalysts possess.  

Next both poly- and heteroaromatic hydrogenation were discussed in detail with relevant 

examples from the literature being given.  In addition to investigating poly- and 

heteroaromatic hydrogenation, the use of mixed metal oxides as catalyst supports was also 
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of interest.  The chemistry behind mixed metal oxides, and how the use of metal oxides as 

catalyst supports can increase the catalysts sulfur and nitrogen tolerance were described. 

While previously the effect on the catalytic activity by varying the nanoparticle 

composition was investigated, a third metal was introduced to the nanoparticle 

composition.  Using the four active bimetallic nanoparticle compositions discovered in 

Chapter 2, a third metal was added to these binary combinations.  It was found that for the 

majority of the trimetallic catalysts, the incorporation of a third metal caused a decrease in 

the catalytic activity for the hydrogenation of toluene under ambient conditions.  

However, when the four metals that made up the active bimetallic catalysts that were 

identified in chapter two were used to make a series of trimetallic catalysts, one new 

catalyst demonstrated potential. 

  Next, we expanded our previous screening approach to include poly- and 

heteroaromatic substrates and mixed metal oxides as catalyst supports.  Using 6 

nanoparticle compositions and 12 metal oxides supports, 72 new heterogeneous 

nanoparticle catalysts were synthesized and tested for the hydrogenation of toluene, 

naphthalene, pyridine, indole, quinoline, thiophene and benzothiophene using the 

facilities at the Centre for Catalysis Research and Innovation (CCRI) at the University of 

Ottawa.  Five of the seven substrates were successfully hydrogenated, and 56 of the 72 

catalysts were observed to be active under the working conditions.   

Based on the results obtained at CCRI, several catalysts were chosen for further 

studies in bulk for the hydrogenation of naphthalene and quinoline.  Both temperature and 

pressure studies were performed on both substrates using five different catalysts.  A 

loading study was also performed using quinoline as the substrate where it was observed 
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that while the commercial 0.5% Rh/Al2O3 catalyst was the most active at lower quinoline 

loadings, the trimetallic Rh0.33Pt0.33Ir0.33/Al2O3 catalyst was by far the most active at higher 

quinoline loadings.  Finally, TEM and XPS were used to characterize the active 

nanoparticle catalysts. 

 

4.2.  Proposed Research Directions 

 Selective Ring Opening 

  Continuing with the exploration of the catalytic activity of these mono-, bi- and 

trimetallic heterogeneous nanoparticles for oil sands upgrading, the selective ring opening 

of the previously hydrogenated aromatic compounds could be explored.  Selective ring 

opening is one of the methods proposed to improve upon the quality of distillate fuels by 

enhancing the cetane number and density.1,2  Selective ring opening refers to the opening 

of cycloalkane rings without a loss of reactant molecular weight.2  For example, ideally 

the selective ring opening product of decahydronaphthalene would be decane, the 

resulting linear alkane.  However, it is not straightforward and a multitude of desirable 

and undesirable products may be obtained via selective ring opening (Fig. 4.1). 
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Figure 4.1.  Key reactions during the conversion of polyaromatic hydrocarbons to 

alkanes.2,a 

	  

  Selective ring opening activity has been previously established using a variety of 

nanoparticle catalysts supported on metal oxides.  For example, cyclohexane ring opening 

has been studied using both Rh/Al2O3 and Ir/Al2O3 catalysts, and it was observed that Ir 

catalyst demonstrated a higher cyclohexane conversion than the Rh catalysts.1  For the Ir 

catalyst, the main products were n-hexane and n-pentane whereas for the Rh catalyst there 

was significant formation of benzene.  A nickel-alumina catalyst was used for the 

selective ring opening of cyclohexane and methylcyclopentane.3  Alumina-supported Rh 

catalysts were also used for the ring opening of methylcyclopentane.4  Pt/SiO2, Pt/Al2O3, 

Ni/Al2O3, Ru/SiO2, Ir/Al2O3, Ru/Al2O3, and Rh/Al2O3 were used for the selective ring 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
a Reprinted from J. Catal., Vol. 210, McVicker, G. B.; Daage, M.; Touvelle, M. S.; 
Hudson, C. W.; Klein, D. P.; Baird, W. C.; Cook, B. R.; Chen, J. G.; Hantzer, S.; 
Vaughan, D. E. W.; Ellis, E. S.; Feeley, O. C. “Selective ring opening of naphthenic 
molecules.” 137-148, Copyright 2002, with permission from Elsevier. 
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opening of naphthenic compounds.2  One pervasive trend throughout the selective ring 

opening literature is the use of alumina or silica as the catalyst support.  These acidic 

metal oxides are a necessity in order for the selective ring opening reaction to proceed.  

Due to our previous choice in employing metal oxides as the catalytic supports, there 

appears to be no need to modify our catalysts in order to obtain selective ring opening 

activity. 

  While previously all of the catalytic hydrogenation reactions had been performed 

under ambient or mild conditions, the conditions required for selective ring opening are 

much harsher.  Temperatures in range of 468 to 823 K and hydrogen pressures between 

147 and 794 psi are often required.1-4  Due to these extreme conditions, a different 

apparatus such as a fixed-bed down flow or continuous flow reactor is required.  

Furthermore, for the detection and analysis of the reaction products, both the quantity and 

identity of each product must be determined, making a detection system such as GC-MS 

critical.   

   

Characterization of Supported Nanoparticle Catalysts 

  One of the challenges associated with employing supported nanoparticle catalysts 

is characterizing the structure and composition of these catalysts.  While we were 

primarily concerned in this body of work with how the catalytic activity was affected by 

varying factors such as the composition of the metal nanoparticles, the type of metal oxide 

support, the type of substrate, temperatures, pressures and substrate loadings, only 

minimal materials characterization was performed to confirm that the supported catalysts 

consisted of primarily small, zero oxidation state nanoparticles.  Further materials 
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characterization especially of the metal nanoparticles is a necessity, but is particularly 

challenging because of the large quantity of metal oxide support that is present when 

compared to the amount of metal nanoparticles.   

  While further characterization of the metal nanoparticles is of primary interest, 

more detailed characterization of the metal oxide support may also be performed.  There 

exist a wide variety of techniques than can be used to characterize complex porous 

amorphous mixed oxides,5 though only a few select examples will be discussed here.  The 

surface area of the catalysts was measured in Chapter 2, but this was the only 

characterization performed that would provide information about the metal oxide support.  

Further characterization that could be performed would include measurements of the 

porosity of the metal oxide support.  This information is typically obtained through N2 

absorption measurements, and would determine whether the support was microporous, 

mesoporous or macroporous.   

In addition to obtaining information about the surface area and porosity of the 

metal oxide support, the crystallinity could be determined by powder XRD.  The metal 

oxides employed in this body of work can all demonstrate different crystal structures 

depending on the calcination conditions used.  For example, the most common crystal 

structure of alumina is corundum, though it also possesses five other crystal phases.6  Due 

to the low calcincation temperatures (250ºC) that were employed for all of the supported 

nanoparticle catalysts, we had been operating under the assumption that the metal oxides 

would likely be amorphous.  However, this was never confirmed. 

Lastly, in terms of characterization of the metal oxide support, the degree of 

acidity could be determined.  As previously discussed, the acidity of the support does 
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have an effect on the catalytic activity for aromatic hydrogenation.  Typically, more acidic 

supports are expected to be more active for aromatic hydrogenation.  In lieu of some of 

the trends observed with regards to the catalyst support, it is of interest to determine if the 

differences in activity could be correlated to the different acidities of the metal oxides, 

especially for the mixed metal oxide catalyst supports.  In addition, there are different 

types of acidic sites that may be present on the metal oxide support: Brønsted acid and 

Lewis acid.  The ratio of the two different types of acidic sites may also be determined by 

studying the adsorption of pyridine via IR spectroscopy.7  Different adsorption peaks will 

be observed depending on whether the pyridine has coordinated to Lewis acid sites, or if 

there is formation of the pyridinium ion formed on Brønsted acid sites.   

While preliminary characterization of the nanoparticles within the catalyst had 

been performed via TEM and XPS, there is still a lot that is unknown about these 

nanoparticles, and about the structure and composition of bimetallic nanoparticles in 

general.  Whereas the characterization of the metal oxide support was fairly 

straightforward, characterization of the nanoparticles is much more challenging.  For 

example, XRD could also be used to obtain information about the crystallinity of the 

nanoparticles.  However, this is where the large percentage of the metal oxide becomes 

quite problematic.  This information would be quite useful though, but it is unknown 

whether or not these nanoparticles are crystalline or amorphous.  It is probable that they 

are amorphous because amorphous nanoparticles would likely posses more steps and 

edges than crystalline nanoparticles.  Furthermore, the reduction or hydrogen anneal step 

was performed under mild enough conditions that it is unlikely that the nanoparticles 

became crystalline.   
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As previously mentioned, the surface area of the entire catalyst could be measured 

via BET.  It would be of interest to obtain information about the exposed surface area of 

the nanoparticle catalysts due to the nature of their synthesis.  Because the metal oxide 

was first synthesized, and then the metal salt was reduced to form the nanoparticles, it is 

not known how many of the metal nanoparticles are actually exposed.  Some of the 

formed nanoparticles may be completely encapsulated by the metal oxides, some may be 

partially encapsulated and some may be encapsulated just enough to keep them attached 

to the metal oxide support.  While the CS2 study that was performed in Chapter 2 did 

provide some information about the number of catalytically active sites available, it does 

not really tell us about how much of the surface area of nanoparticles were exposed.  This 

data would give us an indication if the quantity of exposed nanoparticles varied from 

catalyst to catalysts, and using rough calculations we would also be able to determine how 

many of the metal nanoparticles were buried and rendered inactive by the metal oxide 

support. 

One of the large remaining challenges associated with the field of bimetallic 

nanoparticles is determination of the structure and composition of the aforementioned 

nanoparticles.  As previously discussed, there are a variety of structures that nanoparticles 

can form upon the incorporation of a second metal, including core-shell or alloy 

structures, and it is very arduous to tell the difference between these two structures and 

this problem is further exasperated when these nanoparticles are on a catalytic support.  

There has been one thorough study where a structural and architectural evaluation of both 

alloy and core-shells nanoparticles was performed.  Using EXAFS, XANES, XRD and 

FE-TEM/EDS, they were able to obtain spatially resolved structural information on very 
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small bimetallic nanoparticles.8  A similar study on our catalysts would be of interest 

because it is not known what type of bimetallic structures our nanoparticles have formed.  

It is probable that the majority of the bimetallic combinations have formed alloys, though 

there may be a few select cases when a more core-shell like structure has resulted.   

 

Template Assisted Synthesis of the Metal Oxide Catalyst Support 

  As was previously mentioned, little was done to control the structure of the metal 

oxide catalytic support other than using an acidic catalyst during the sol-gel synthesis to 

ensure a more amorphous material with a larger surface area.  It would therefore be 

interesting to attempt to control the structure of the catalyst support to determine if there 

would be an effect on the catalytic activity or the selectivity.  This can be achieved 

through a template-assisted synthesis approach in which an organic template, typically a 

surfactant, is added during the sol-gel synthesis procedure.  By using a template, the 

resulting metal oxide can be highly ordered with a tailored pore size.  This occurs because 

under certain conditions, the surfactants can form micelles which usually take on a rod-

like shape.5  The metal oxide adheres to the surface of the micelles and when the 

surfactant is removed, only the metal oxide is left behind giving rise to a highly porous 

material.  This approach has been applied to a wide variety of metal oxides where the pore 

size can by tuned by varying the templates size and type.9-30  Cationic, anionic and neutral 

surfactants have been used for the synthesis of isotropic, hexagonal, cubic or laminar 

mesostructures.5  To remove the templates, mild conditions must be used to preserve the 

structure of the metal oxide before further hydrothermal or solvothermal treatments.5   
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   Another group of templates are composed of pore structure replicas and can be 

divided into two classes: endotemplates and exotemplates.5  Endotemplates represent the 

pores and are incorporated into the gel.  The previously mentioned micelles are an 

example of an endotemplate, and once the endotemplate is removed, the resulting voids 

form the pores of metal oxide.  With exotemplates, the metal oxide forms within the pores 

of the organic template, so when the template is removed the resulting pores are from the 

voids left from the organic template.  Essentially, exotemplates are three-dimenstional 

negatives.5  Endotemplates are typically used for the formation of zeolites or molecular 

sieves while exotemplates are use to form mesoporous or mixed oxides.5 

  By structuring the metal oxide catalyst support through the use of a template-

assisted method, the pore size of the metal oxide can be tuned.  By using a variety of 

organic templates to tailor the pore size of the metal oxide catalytic support, the catalytic 

activity and selectivity may be altered.  For example, Ru nanoparticles supported on 

nanozeolite frameworks have demonstrated very high catalytic activites for the 

hydrogenation of aromatics.31 

 

In situ Materials Characterization 

One of the remaining challenges in the field of nanoparticle catalysis is materials 

characterization of the nanoparticles during the course of the catalytic reaction.  Typically 

the nanoparticles are characterized before being used in a catalytic reaction and then again 

after the reaction has completed.  This requires that the nanoparticles are isolated from the 

reaction mixture, and thus it is difficult to know the structure and chemistry of the 

nanoparticles while the reaction is proceeding because of the changes that may occur upon 
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isolating the nanoparticles for characterization.  These ex situ characterizations are also 

frequently performed under high vacuum or low temperatures, further changing the 

conditions in which the nanoparticles are characterized.   

Ambient-pressure XPS (AP-XPS) has been previously used to obtain in situ 

characterization information.32,33  AP-XPS has been used under a series of CO pressures 

ranging from ultrahigh-vacuum conditions to 1 Torr of CO to monitor the changes in 

binding energies as the CO coverage changed on a Pt(557) surface and to determine the 

CO coverage as a function of pressure.33  Ambient-pressure XPS in the Torr pressure 

range in combination with tunable X-ray energy from synchrotron sources has been used 

under oxidizing, reducing, and catalytic conditions to investigate the structure of three 

bimetallic nanoparticle catalysts (RhxPd1-x, RhxPt1-x, and PdxPt1-x).33  They found that both 

the RhxPd1-x and RhxPt1-x nanoparticles underwent reversible changes in surface 

composition and oxidation state when the reaction conditions varied from oxidizing to 

reducing or catalytic but there was no change observed for the PdxPt1-x nanoparticles.33   

Another frequently used in situ characterization technique is scanning tunneling 

microscopy (STM).  STM was used to image Pt(557) under a series of CO pressures 

ranging from ultrahigh-vacuum conditions to 1 Torr of CO to monitor the restructuring 

that occurred on the Pt stepped surfaces.32  They observed that as the CO pressure 

increased, the initially straight steps became wavy, and then eventually broke down into 

nanoclusters which had a triangular shape, demonstrating how the structure of a catalyst 

observed under ex situ conditions is drastically different from those observed under in situ 

conditions.  High-pressure STM has also been used to visualize reactant molecules on the 

surface of Pt(111).34  Cyclohexene hydrogenation and dehydrogenation were investigated 
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using STM under reaction conditions of 200 mTorr H2, 20 mTorr of cyclohexene and 5 

mTorr CO, and under these conditions a superstructure of chemisorbed CO molecules on 

the surface of Pt(111) was observed.34 

In situ environmental TEM (ETEM) has been used for direct imaging of catalyst-

gas molecule reactions under operating temperatures.35  In ETEM, a gas reaction cell is 

used inside of an electron microscope column, and direct observations of atomic motion 

and chemical modification of the catalyst while it is a liquid or gas environment.  For 

example, ETEM has been used to show nanoparticle coarsening and atomic migration of 

Cu particles supported on carbon at 200°C in H2 balanced by He, while ex situ TEM did 

not show these changes.35  ETEM of Cu/Al2O3 and other metal/ceramic oxide systems 

under varying environments have also given evidence for the diffusion of metal 

nanoparticles through the bulk substrate.35,36  Lastly, ETEM has been used to examine the 

role of different gas environments used for methanol synthesis (H2 and CO) on CuPd/C.  

They observed that the both nature and shape of the nanoparticles varied depending on the 

gaseous environment.35  

By using some of these in situ materials characterization techniques (AP-XPS, 

STM and ETEM), a better understanding of the structure and oxidation state of these 

nanoparticle catalysts under catalytic conditions may be obtained.  Furthermore, 

restructuring or changes in nanoparticle shape or oxidation state may also be observed 

using these in situ characterization techniques. 
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