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ABSTRACT 

 

 The application of porous materials as supports for catalysts has been a focus of academia 

and industry for many years. Mesoporous silicas (MSN) and ordered mesoporous carbons have 

been used due to their unique properties such as high surface area, tunable pore sizes, and chemical 

and thermal stability. These support materials often lend further stability to the catalysts they host, 

enabling their use in a wider variety of reaction environments. 

 One type of porous support that has seen extensive use on an industrial scale is zeolites, 

and these can be paired with metal carbides formed in situ during methane dehydroaromatization, 

Fischer-Tropsch synthesis, or biomass conversion. Improvements to the synthesis of these carbides 

are made by altering the carburization gas mixture or adding promoter metals.  

 Ordered mesoporous carbons templated from MSN are supports that not only have high 

surface area and good stability, but are also graphitic. However, their use at a large scale is limited 

by the time-consuming synthesis techniques, a lack of repeatability in batches, and poor thermal 

management when prepared in bulk. With simple kitchen tools, the process can reliably be scaled 

up while avoiding these problems. Further, these can be functionalized through a lithiation process, 

making them excellent hosts for single-site catalysts. 

 MSN materials are effective supports for a variety of catalysts, including nanoparticle, 

molecular/single-site, and biomolecule. With their large pore size, more than one catalyst can be 

incorporated onto the support; a tandem Pd/Au nanoparticle system works cooperatively to 

facilitate the direct oxidative esterification of allyl alcohol at mild reaciton conditions. MSN 

materials can also be functionalized with organoalkoxysilanes via  co-condensation resulting in a 

homogeneous distribution of functional groups. By adjusting the pre-hydrolysis time and 
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hydrothermal treatment temperature, original particle morpholgy can be recovered after 

functionalization. These organic handles can further be reacted with a linker molecule to 

immobilize biocatalysts for unique reactions. Examining both the fundamental synthetic 

techniques and the applied side of these catalytic supports lends insight into how they can be used 

at a small or large scale.
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CHAPTER 1  

INTRODUCTION: POROUS SUPPORT MATERIALS 

Modified from a book chapter published in World Scientific Series in Nanoscience and 

Nanotechnology / Pore Scale Phenomena: Frontiers in Energy and Environment 

Megan M. Otting, Yazhou Ji, Ryan M. Richards, and Brian G. Trewyn. 

1.1 Dissertation Organization 

 This dissertation is organized into 6 chapters discussing various porous materials, 

developments in their synthesis, and application in catalysis. The materials range from 

microporous zeolites with metal carbides to mesoporous silica nanoparticles with metal 

nanoparticles or biomolecule catalysts to ordered mesoporous carbons at a large scale. Much of 

the research presented investigates the synthetic route of producing the supports or catalysts; the 

effect of carburization parameters on metal carbides, mechanical stirring and thermal management 

for producing ordered mesoporous carbons, and pre-hydrolysis time and hydrothermal treatment 

temperature on co-condensed organic functionalized mesoporous silicas. The materials were 

applied for Fischer-Tropsch synthesis, methane dehyroaromatization, biomass conversion, direct 

oxidative esterification of allyl alcohol, and aldol condensation. 

 Chapter 1 contains a general introduction to synthesis and application of mesoporous 

silicas and, briefly, ordered mesoporous carbons. This was published in 2015 as a book chapter in 

Pore Scale Phenomena: Frontiers in Energy and Environment. Developments in techniques 

presented in the introduction such as co-condensation functionalization and ordered mesoporous 

carbon synthesis have been expanded upon in chapters 5 and 3 respectively. Chapters 2 and 3 are 
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journal articles that have been published (chapter 2) or submitted (chapter 3). Chapters 4 and 5 

contain research that is near completion for publication in the future. Chapter 6 is a brief conclusion 

of the work presented in this dissertation. 

 At a fundamental level, understanding the different synthetic parameters that affect final 

particle morphology or catalyst composition is important for their eventual application. Chapter 2 

is a survey of the formation of metal carbide catalysts, especially iron carbides and molybdenum 

carbides, which can be applied on the industrial scale for essential fuel reactions like Fischer-

Tropsch synthesis or biomass conversion. Recently, ordered mesoporous carbons have gained 

much interest due to their chemical and thermal stability, high surface areas, and graphitic 

character. The scale-up of this material with simple kitchen tools has been reported in chapter 3 as 

a follow-up to the initial paper published in 2014.1 Often, mesoporous materials are employed as 

supports for heterogeneous catalysis. Chapter 4 is an investigation of a gold/palladium tandem 

catalyst for the direct oxidative esterification of allyl alcohol – a reaction that is typically difficult 

to achieve under mild reaction conditions. Chapter 5 combines synthesis and application of 

mesoporous silicas, first outlining the ideal reaction conditions for retaining particle morphology 

during co-condensation of organoalkoxysilanes with the silica source, then looking at their 

application as hosts for molecular and biomolecule catalysts. 

 The first three chapters of this thesis are from published book chapters or papers. The 

following co-authors are part of Colorado School of Mines: Yazhou Ji, Ryan Richards, Brian 

Trewyn, Canan Karakaya, Robert Kee, Malcolm Davidson, Nolan Kovach, and Thomas Gennett; 

these coauthors are part of the National Renewable Energy Laboratory: Noemie Leick, Thomas 

Gennett. Permission has been granted to reproduce these works here. 
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1.2 Introduction to Mesoporous Materials 

 Recent years have seen advances in the synthesis, characterization, and applications of 

mesoporous nanoparticle materials in molecular capture and separation, biomolecular delivery to 

animal and plant cells, and multi- and single-site heterogeneous catalysis. Mesoporous 

nanoparticles composed of different material and unique surface chemistries have been 

investigated and synthesis methods to control morphology and surface multifunctionality have 

been developed; advances that significantly increase the number of potential applications. Not only 

has the release of molecules from the mesopores been studied, but also the uptake and sequestration 

of various high value and value-added biomolecules that are produced by microorganisms 

including microalgae, bacteria, yeast, and fungus into the pores. Additionally, multi- and single-

site catalysis on porous supports is at the forefront of the PhD research presented in this thesis. 

 Designing, developing, and synthesizing functional materials with well-defined pore 

structure, controlled morphology, and tunable surface chemistry is a burgeoning area of research 

currently undergoing a revolution in materials chemistry. We are currently focusing our research 

efforts on the synthesis, characterization, and application in catalysis, selective separations, and 

biomolecular delivery to plant and animal cells of mesoporous silica (MS) and ordered mesoporous 

carbon (OMC) materials. Scientists led by Kresge at the Mobil Oil Corporation (MCM-41) and by 

a research group led by Kuroda at Waseda University first discovered the synthesis of MS 

materials in the early 1990s.2-3 Both groups demonstrated a supramolecular synthetic mechanism 

involving both organic and inorganic species in which the organization of the silica polymer was 

directed by cationic alkyltrimethylammonium micelles (Figure 1.1). Alternatively, the synthesis 

of OMC materials utilizes presynthesized MS as a “hard” template to form a mesopore framework 
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along with thermal treatments of carbon precursors loaded into the pores, followed by HF or OH- 

treatment to remove the silica.  

 

 The unique structural features of these materials are a critical prerequisite for utilization in 

catalysis, separations, and bioactive molecule and gene delivery. These materials should have the 

following desirable characteristics to be fully functional: 

1. Chemical, thermal, and mechanical stability 

2. Ordered pores and controlled pore morphology 

3. Large surface area and tunable pore size 

4. Functionalizable interior and exterior surfaces 

1.3 Synthesis and Properties of Mesoporous Materials 

 Utilizing structure-directing templates (cationic and nonionic surfactants), the pore 

structure is formed in either an acidic or basic aqueous solution by adding silica precursor, which 

undergoes hydrolysis followed by condensation to polymerize around the templates. After a 

variable hydrothermal treatment time, the as-synthesized MSN materials are filtered and washed. 

Post-synthesis removal of the organic pore-forming surfactants is accomplished by either high 

temperature calcination or acidified alcohol wash (ethanol/methanol) to achieve open pores 

Figure 1.1. Formation mechanism of mesoporous silica materials. 



5 

 

(Figure 1.1). The latter is critical when including covalently bound surface functional organic 

ligands, which will otherwise be pyrolyzed by the calcination step along with the surfactants.  

 A typical synthesis leads to surface areas in the range of 400-700 m2g-1 for nonionic 

surfactant templated MS materials with pore sizes ranging from 6 to 14 nm, and 900 – 1200 m2g-

1 for cationic surfactant templated MS materials with pore sizes ranging from 2.5 – 4 nm. One of 

the important properties of MS materials is the uniquely small pore size distribution and uniform 

particle morphology from a single sample preparation. Product yields vary but typical research 

scale preparations yield anywhere from 2 – 4 g of MS particles, depending on the specific synthesis 

method.4 Depending on the application, variation in the particle morphology and pore size is 

frequently desired. For example, we have procedures for loading biomolecules (proteins and 

peptides) into the pores for molecular delivery into cells and in these instances it is important to 

purposely synthesize pores that will be large enough to fit enzymes without denaturing but not too 

big that they readily diffuse in and out during loading procedures.5-7 We have established methods 

to manipulate the pore sizes including incorporating molecular swelling agents, which embed 

themselves in the organic region of the micelles that template the pores, and hydrothermal 

treatments: TEMs of MS materials synthesized with different pore sizes can be observed in Figure 

1.2. Electron micrographs of MS templates with the corresponding OMC can be observed in 

Figure 1.3. The MS templates (Figure 1.3a and 1.3c) clearly dictate the morphology of the OMC 

materials (Figure 1.3b and 1.3d), and we have developed a reliable and repeatable synthesis of 

OMCs at both the bench scale and the large scale. Chemical and elemental analysis has confirmed 

that silica is completely removed during the acid or base etching procedure. Details on the 

synthesis and applications of the OMC materials can be found in the following text and in Chapter 

3. 
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 To utilize these materials for the aforementioned applications, it is critical to have 

established methods for controlling the degree of organic functionalization. Though organic 

functionalization of MS and OMC materials can be either covalent or noncovalent, most 

applications prefer covalent immobilization to circumvent undesired leaching of surface 

modifying molecules. There are two common techniques used to functionalize the surfaces of 

mesoporous silica with organic moieties for supporting organic functional groups. The first 

approach, post-synthesis grafting, is the more common method due with fewer synthetic variables 

that go into the preparation. As is shown in Scheme 1.1a, either a modified homogeneous catalyst 

or a metal-free organic ligand is covalently immobilized on the surface of presynthesized 

mesoporous support through a silylation reaction, typically in a moisture-free environment.  

 The lack of moisture is critical to avoid self-condensation of organosilanes. While the porous 

structure stays intact, the placement of the ligands/catalysts may not be uniform, but rather focused 

on the external surface and near the pore openings. 

40 nm 100 nm 200 nm 

(a) (b) (c) 

Figure 1.2. Transmission electron micrographs of mesoporous silica particles with pore sizes 
tuned to (a) 3 nm., (b) 5 nm., and (c) 10 nm. 
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This phenomenon is typically dependent on the pore size and the functional groups mass transport 

freedom into the pores. The reactivity of the surface silanol groups is a diffusion dependent 

characteristic and the kinetically most accessible regions are on the exterior surface and pore 

openings. The other approach, in situ co-condensation, is a direct synthesis method in which the 

organic functional group (organoalkoxysilane) is introduced to an aqueous solution (acidic or 

basic) of template-forming surfactant along with the silanol precursor (i.e. tetraethylorthosilicate, 

TEOS), illustrated in Scheme 1.1b. The condensation of both the organoalkoxysilane and TEOS 

occurs simultaneously (co-condensation) leading to a uniform distribution of the organic ligands 

on the surfaces of the mesoporous materials.  

Scheme 1.1. Schematic illustration of the two most common techniques for surface 
functionalization of mesoporous silica materials. (a) Describes post-synthetic grafting method 
and (b) describes the in situ co-condensation method. 
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 In addition to a more homogeneous functionalization of the silica surface, the morphology 

of MCM-41 type silica materials can be altered with specific types and concentrations of organic 

ligands. For example, by co-condensing aminopropyltrimethoxysilane (APTMS) with TEOS 

mesoporous silica nanorods formed (AP-MS). Synthesizing a series of these functionalized MSN 

materials demonstrated that co-condensation with hydrophobic organoalkoxysilanes lead to 

Figure 1.3. Scanning electron micrographs of MS materials (a, c) used as a template for OMC 
materials (b, d). 
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smaller particles than unfunctionalized MS materials whereas hydrophilic ligands selectively 

created larger particles (Figure 1.4).8-9 There are, however, some limitations with this method, the 

organic functional groups need to be soluble in aqueous solutions and tolerate of pH extremes 

since this synthesis is catalyzed by either a base or acid to activate the silicate hydrolysis. The 

incorporation of bulky organic functional groups is not always successful because the bulky groups 

interfere with silica condensation. Finally, the amount of functional group incorporated in the 

mesoporous material this way cannot exceed 25% surface coverage without having negative 

effects on the structure integrity. A discussion of co-condensation with non-ionic surfactant 

templated MS materials (MSN-10) can be found in Chapter 5. 

 

 

Figure 1.4. TEM images of AP-MS (MCM-41 type silica) nanorods synthesized via co-
condensation reaction method. 
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 Nanostructured catalysts offer the potential to tune properties based on their size, shape 

and composition and have found use in a broad range of commercial processes. On the nanoscale 

(10-9 m, 6x104 times smaller than human hair), metal particles demonstrate chemical and physical 

properties that are often not observed on the bulk or atomic scale. Since the initial report by Haruta 

demonstrating the high catalytic activity of nanoscale gold for the oxidation of carbon monoxide 

there has been great interest in exploring the breadth of catalysis by gold.10-14 As compared to Pt- 

and Pd- based catalysts, Au had the highest selectivity and is less prone to metal leaching, over-

oxidation, and self-poisoning by strongly adsorbed byproducts for aqueous phase aerobic catalytic 

oxidation of alcohol.15 It has been reported that the higher selectivity and absence of catalyst 

deactivation are likely due to a generally weaker adsorption of oxygen, hydrogen, reactants, and 

products on Au than other reactive metals.16-17 In addition, the adsorption and catalytic activity of 

Au strongly depends on its particle size which can be controlled by preparation methods.18 

However, as a soft metal, a major hindrance towards broad application of gold-based catalysts is 

that gold is very prone to aggregation and loss of activity. In an effort to minimize catalysts 

aggregation and sintering, dispersion of nanoscale particles on supporting materials is a promising 

method. 

 Incorporation of functional inorganic nanoparticle or multi-site reactive metal and metal 

oxide species is an important aspect of utilizing MS materials for heterogeneous catalysis. It 

remains desirable and challenging however, to locate nanoparticles in the framework of 

mesoporous materials while maintaining the periodic mesoporous structure. Similar to 

functionalizing with organic ligands, inorganic species can be incorporated via an in situ or post-

synthetic method. We demonstrated the integration of noble metal nanoparticles, specifically gold, 

and earth-abundant elements in the form of metal oxides, sulfides, and phosphides incorporated 
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into the silica without observing different phases through this in situ method.19-20 With the ambition 

of utilizing the thermal and chemical stability of porous silica to improve the durability, activity 

and selectivity of nanostructured catalysts and gain a fundamental understanding of the 

relationships involved, we have pursued various strategies of interfacing these materials. The 

initial approach was to modify the surface of mesoporous silica SBA-15 and immobilize gold 

nanoparticles.21 Although this approach provided catalyst systems that demonstrated high 

conversions for the oxidation of cyclohexane, their durability was also limited. Gold nanoparticles 

confined in the walls of mesoporous silica for aerobic oxidation of alcohols was also reported 

previously, however, these catalysts showed irregular shapes and pores.22 

 To obtain metal nanoparticle incorporated mesoporous silica, either organic functional 

groups are decorated on the MS material via grafting or co-condensation to modify the surface 

chemistry and chelate metal for particle nucleation or metals were directly chelated with silanol 

anions that are on the surface. In the case of Au NP functionalization, the interactions between the 

organic groups and the nanoparticles improved the immobilization of the metals, but for Pd organic 

ligand functionalization was not necessary, illustrating the uniqueness of the metals. Combining 

synthesis methods (co-condensation and metal chelation), Richards and coworkers were able to 

intercalate gold in the mesoporous silica framework by first synthesizing mesoporous silica surface 

decorated with thioethers, i.e. selectively incorporate the Au NPs in the walls of the pores.20 This 

led to catalytic material that was more robust, but had equal catalytic activity as that of surface 

impregnated Au NPs. Additionally, leaching becomes a major factor in the post-synthesis 

impregnation method and is substantially avoided by embedding the nanoparticles in the 

framework. Current research activities are investigating the thermal and hydrothermal stability of 

the silica support to optimize the conditions for complete condensation during synthesis. An 
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example of a noble nanoparticle incorporated MS catalyst can be observed in Figures 1.5 and 1.6. 

These synthetic methods allow for control over the quantity of metal incorporated into the pores 

of the MS materials. By tuning the surface chemistry of the pores, either by adding more or less 

organic functional groups or by modifying the pH to deprotonate more or less surface silanols.  

 

 

 It remains desirable and challenging however, to locate nanoparticles in the framework of 

mesoporous materials while maintaining the periodic mesoporous structure. While a number of 

studies in this research area describe methods for anchoring nanoparticles on the walls of 

mesoporous silica, there are limited reports relating to intercalating nanoparticles in the walls of 

mesoporous materials. Garcia et al incorporated γ-FeO nanoparticles in the walls of 

aluminosilicates.23 In 2009, two reports involving gold nanoparticles intercalated into the walls of 

mesoporous silica through use of a thioether group were published.20, 24 These reports, however, 

were primarily proof of concept studies and a number of questions regarding the role of the 

thioether agent on morphology, range of gold loading, and exact nature of the catalytic sites 

remain. Most importantly, the primary limitation to the selective location of nanoparticles is that 

there is a small amount of thioether group to attract gold while in contrast, the thioether group 

Figure 1.5. HRTEM images of 2-2-GMS (a) and (b), and the model of a the nanoreactor (right). 
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precursor (bis[3-(triethoxysilyl)propyl]-tetrasulfide, TESPTS) can form a microemulsion with the 

co-polymer template (P123) and thus could destroy or alter the periodic mesoporous structure of 

silica. This type of “enough is better than too much" has also been discussed in preparation of 

thioether-bridged mesoporous organosilicas utilizing TESPTS and tetramethoxysilane (TMOS) as 

the silica precursor.25 

 

 

1.4 Mesoporous Silica Templated Ordered Mesoporous Carbons 

 As stated previously, MS materials are used as templates for ordered mesoporous carbon 

(OMC) materials. Synthesis involves repeated hydrothermal treatments and thermal calcination of 

a carbon precursor (i.e. sucrose and furfural) followed by HF or base treatment to etch away the 

silica template.1 Typical OMC surface areas synthesized by our method are in the 800 m2g-1 to 

1100 m2g-1 range with pore sizes tunable between 3.5 nm to 7 nm and research-scale product yields 

Figure 1.6. Schematic representation of catalytic nanoparticles embedded MS materials 
performing as a heterogeneous oxidation catalyst converting alcohols to esters and a TEM 
image of the nanoparticles in the MS support. 
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approximately 2 - 4 g. Critical for many applications, the OMC materials are hydrothermally stable 

in high and low pH and, according to extensive Raman spectroscopy analyses, are graphitic and 

conductive, which has led to their application in low temperature methane fuel cells.26 The unique 

synthetic method to produce OMC materials allows for morphology and particle size control, the 

morphology of the OMC particles shadows that of the MS templates exceedingly well as is clearly 

evident in Figure 1.3. So well in fact that when hydrothermal treatments are employed to expand 

the pores in the templates at the expense of pore wall thickness and, since the formation of OMC 

is by reverse templating of MS particles, the pore size of OMC particles is controlled through 

synthetic control of MS templates. 

1.5 Characterization Methods for Porous Materials 

 Heterogeneous catalytic systems and functionalized MS systems are complex due to the 

interactions involved between the support and the catalyst, the distribution of active sites, the 

uniformity of the catalytic surface, and the mechanisms involved in each reaction.  In order to 

elucidate how the catalytic system works, including activity and selectivity, the use of multiple 

advanced techniques for qualitative and quantitative analysis are required.  This section is intended 

to briefly outline the most common techniques used for the evaluation of surface, structural, pore, 

and functional group properties. To begin with, assessment of the surface, structural, and pore 

properties are determined by powder X-ray diffraction (XRD), nitrogen sorption analysis, and 

scanning and transmission electron microscopy (SEM and TEM, respectively). Typically, XRD 

diffraction peaks in the 2𝜃 range of 0.5-10° provide information regarding the arrangement of 

pores in mesoporous silica materials. For example, reflections corresponding to [100], [110], 

[200], and [210] planes can be observed for MCM-41 and SBA-15 type materials, consistent with 

a hexagonal arrangement of pores.27-28 Nitrogen sorption analysis gives valuable information on 
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surface area, pore volume, pore size distribution, and pore surface properties of mesoporous 

materials. Generally, the IUPAC Type IV isotherm is observed for mesoporous materials with a 

hysteresis loop that can be used to predict the shape of the mesopores.29 Along with the isotherm, 

the Brunauer-Emmett-Teller (BET) surface area based on multi-layer adsorption theory, and 

Barrett-Joyner-Halenda (BJH) pore volume based on the Kelvin equation are typically reported.30-

31 Morphology, composition, and structural features are visualized using electron microscopy. 

Scanning electron microscopy is used to obtain information on overall particle morphology and 

uniformity in size and shape of mesoporous materials.  In order to get detailed structural 

information, transmission electron microscopy is needed. TEM is able to surpass the power of 

XRD to determine pore structure and order in mesoporous materials.32-33  

 While elucidating structural properties is critically important, information on the chemistry 

and composition of mesoporous materials is often equally vital. Energy dispersive X-ray 

spectroscopy is often coupled with SEM and TEM to create a chemical map of the composition of 

materials. This is especially helpful when analyzing functionalized mesoporous materials. Another 

technique used to characterize heterogeneous catalysts is chemisorption, which probes the active 

sites. While a certain amount of catalyst may be present on the support, it is difficult to know how 

much of the catalyst is chemically accessible by the reactants. Various probe fluids can be 

introduced to the catalytic system and later removed in a controlled manner, thus showing the 

number of active sites, strength of these active sites, and oxidation and reduction profiles. Recent 

developments in solid-state nuclear magnetic resonance (ssNMR) including pulse techniques, 

cross polarization (CP), and magic angle spinning (MAS) have made it a very useful tool for 

studying heterogeneous catalysis including elucidating information on support surface-catalyst 

interaction.34 Details about short range order and structure of the catalyst can be obtained using 
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ssNMR; for instance the structural details of a silica support can be observed using 29Si ssNMR.35-

36 Often the catalyst material is studied using 13C and 1H (in the case of organometallic catalysts) 

or looking at the respective metal sites such as 195Pt.37-38 Structural stability, catalyst tethering, and 

inorganic-organic interfaces are just a few of the many characteristics of heterogeneous catalysts 

that can be studied with ssNMR. Ligand and catalyst loading onto support materials are often 

characterized using inductively coupled plasma (ICP) mass spectrometry or thermogravimetric 

analysis (TGA). ICP mass spectrometry is most useful for characterizing the amount of metal 

loaded onto the mesoporous support material. With high sensitivity (up to parts per trillion), ICP 

is also useful to determine metal leaching from the catalyst after a reaction. TGA is a technique 

often employed to determine ligand loading by monitoring weight loss during the degradation of 

functional groups. It is especially useful with silica supports because the silica remains stable up 

to high temperatures, but organic functional groups degrade over the temperature range.  Fourier 

transform infrared spectroscopy (FTIR) is used for qualitative analysis of the chemical 

composition of organic group modifiers, particularly of the reactive functional groups and the 

nature of bonding to the supports (i.e. electrostatic, covalent, etc.). Finally, X-ray photoelectron 

spectroscopy (XPS) is mainly utilized to determine the oxidation state of active metallic species 

on the surface of a catalytic material. Binding energies corresponding to specific states, such as 

Pt(II)/Pt(IV) or C-C or C=C, can be observed using this technique.  Shifts in the binding energy 

help determine how the catalyst interacts with the support surface, and peak intensities can be used 

quantitatively to determine the amount of metal species present. 

1.6 General Applications 

 We have demonstrated that by modifying mesoporous silica nanoparticle (MSN) materials 

they can be used to deliver chemicals, proteins, and genomic materials to animal cells, plant cells 
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and plant protoplasts.39-40 We designed a system that incorporated gold nanoparticles (Au NPs) as 

caps to cover the ends of the pores to entrap chemicals and proteins in the mesopores and 

noncovalently bind to genomic material on the external surface. As was mentioned above, the 

application of nanotechnology for intracellular delivery to plants is very limited. To investigate 

the potential application of MSNs in this field a series of functionalized MSN materials were 

synthesized and tested in both protoplasts and plant cells. It was observed that while pristine MSNs 

cannot be endocytosed by tobacco mesophyll protoplasts, after decorating the surface with 

triethylene glycol (TEG), it was possible to internalize the nanoparticles. This was further 

corroborated by using the release of a plasmid DNA that encoded for the expression of green 

fluorescent protein (GFP) as a strategy to visualize the internalization of the vehicle. To address 

the internalization of plant cells a gold nanoparticle capped MSN system (Au-MSNs) was 

synthesized. The vehicle was introduced to the plant cells using a gene gun. As it will be described 

in more detail later, the release of both plasmid DNA and gene expression promoter was observed 

as proof of the efficient uptake of Au-MSNs in plant cells (Figure 1.7).41 

  In a continuation of this work, we increased the pore size of the MSN and plated Au NPs 

on the surface through chemically initiated gold salt reduction.42 These MSN materials maintained 

high surface area (~300 m2 g-1), large pore volume (0.88 ml g-1), and pore sizes large enough to 

accommodate proteins even after gold was supported on the surfaces. Utilizing these materials we 

successfully demonstrated that proteins and DNA could be delivered to intact plant cells via gene 

bombardment. These experiments are seminal to plant science research because we demonstrated 

for the first time that porous particles can be modified to be used as vehicles for chemical, protein, 

and genomic material delivery to plant cells (Figure 1.7).   
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 Another advantage of surface functionization of MSN, is the ability to selectively sequester 

high-value molecules found in many biofuel feedstocks including microalgal oil and rapeseed oil. 

We have demonstrated that we can tune the physical properties (pore size, surface chemistry) of 

the MSN to selectively target free fatty acids, omega-3 fatty acids, tocopherol, and some sterols.4, 

43 These molecules are commercially interesting to pharmaceutical, neutraceutical, and cosmetic 

companies.  

Figure 1.7. Mesoporous silica nanoparticles for plant cell internalization with TEMs of the 
MSN support (Type II) and gold-capped MSN (Type IV).  
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 Types of MS and OMC supported catalysts can be divided into two major categories: 

single-site heterogeneous catalysis (SSHC) and multi-site heterogeneous catalysis (MSHC). While 

these are general categories, they are suitable for this review and both are developed in research 

laboratories at CSM. Multi-site heterogeneous catalysis, also called connected-site, is defined as 

closely packed atoms of reactive metal, metal oxides, alloys and, rarely, halides. Spatial 

independence is not a characteristic of this type of catalyst and strong interactions occur between 

active sites, making kinetic and thermodynamic analyses very challenging. Using the methods 

previously stated, we have demonstrated that active catalytic species can be incorporated into MS 

and OMC materials. First, by presynthesizing rhodium nanoparticles (2-3 nm diameters) we were 

able to incorporate these catalysts active for selective ethanol production from synthesis gas (CO 

and H2) and, since the NPs are in the silica framework and not on the surface, they are protected 

from high temperature and high pressure sintering.44  

 Recently, a novel method to synthesize a catalytic system was reported in which the gold 

nanoparticles are highly dispersed and all available evidence (nitrogen physisorption, X-ray 

diffraction, transmission electron microscopy) indicates they are confined in the walls of 

mesoporous silica, not in the channels (Figure 1.5).20 Thus, the channels will not be blocked and 

the gold nanoparticles are significantly more resistant to sintering under calcination (at up to 

750 °C) or reaction conditions as compared to other silica supported gold systems. Further, these 

catalysts provided excellent catalytic performance in the oxidation of alcohols.  The 2-2-GMS 

materials have similar nitrogen sorption isotherms to SBA-15 with very narrow pore-size 

distributions centered at about 5.6 nm, which are typical for mesoporous materials. The surface 

area of 2-2-GMS is 800 m2 g-1 with a pore size of 5.6 nm. Moreover, with the wall thickness of 4-

8 nm, the materials are unusually stable to high temperature. To demonstrate the thermal stability 
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of this system samples were heated to 400 and 650 °C for 3 hours and characterized by nitrogen 

sorption isotherms and XRD. 

 

 

 As can be seen in Figure 1.8, the integrity of both the porous network and the gold 

nanoparticles is unaffected by the thermal treatment inferring that the intercalation imparts thermal 

stability to the gold/mesoporous silica system. Examination of catalytic activity provides 

information regarding the accessibility of the metal as a function of the preparation procedure and 

resulting morphology. For the catalytic activity of the GMS material, the studies first focused on 

the oxidation of benzyl alcohol because the reaction is often employed as a model reaction for 

alcohol oxidation. The reaction pathway for the oxidation of benzyl alcohol has been suggested as 

(1) benzyl alcohol is oxidized into benzaldehyde; (2) benzaldehyde is further oxidized into benzoic 

acid; (3) benzyl alcohol and benzoic acid would interact and produce benzyl benzoate.45-49 

 We also have extensive research activities in the development of catalysts supported on 

OMC materials. Since we use mesoporous silica as the template, there are a couple variations on 

the methods to get active catalysts, in nanoparticle form, supported on the OMC. For example, one 

Figure 1.8. Nitrogen sorption isotherms (left) and XRD patterns (right) for GMS as prepared, 
after heating at 400 °C for 3 hours, and after heating at 650 °C for 3 hours. 
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method is to support the NPs on the surface of the MSN followed by repeated infusion of carbon 

precursor, hydrothermal, and high thermal treatments leading to active NP catalysts that are now 

embedded in the OMC. Embedding the NPs in either the silica for MS or carbon for OMC protects 

them and gives them more stability at pH and temperature extremes. This method will, however, 

limit the exposed surface area of the active species. Interestingly, we have established another 

method to incorporate active metal species on OMC. To maximize the exposed surface area of 

catalytic NPs, we synthesize our MS template with the active species embedded in the silica, 

leading to MS with a minimal exposed catalyst. By following this up with the preparation steps 

for OMC and removing the silica with either NaOH or HF, we can synthesize OMC embedded 

metal nanoparticles with control over the amount of chemically accessible active catalyst. 

 In contrast, SSHC consist of spatially independent active sites and lack interactions 

between active sites making the interactions between each supported active site and reactant 

equivalent. This review will discuss SSHC supported on various mesoporous materials. We will 

focus, in detail, on several groundbreaking studies that have been recently published in the peer-

reviewed literature. Two important structural features of SSHC are spatial separation and 

consistency in the structures of the active sites. This ensures constant energetic interaction between 

each active site and the reactant, thereby minimizing additional variables that frequently 

complicate catalytic studies. In many conditions, these catalysts are superior to MSHC where 

significant energetic interactions between the active sites lead to additional phenomena, i.e. 

oscillatory and chaotic behavior, making the chemistry tedious to interpret and comprehend even 

for simple chemical processes. While characterizing these catalysts remains challenging, 

computational and kinetic measurements of SSHC are less problematic than close packed 

heterogeneous catalysts. One of the remarkable features offered by these catalysts is spatial 
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restriction in the pores of mesoporous materials, which has been utilized for asymmetric catalysis. 

For example, by tuning the surface chemistry of the pores through covalent modification, the pore 

environment can be hydrophobic, controlling which molecules are allowed to easily diffuse into 

and out of the porous network. Pairing this environmental control with surface decorated catalytic 

species, the equilibrium of the esterification was shifted to the right because water, a byproduct in 

esterification, was too polar to stay in the hydrophobic pore. This inhibited the reverse reaction. 

As the chemistry and synthetic control over particle and pore morphology advances, we have 

demonstrated that more complicated organometallic molecular catalysts can be functionalized on 

the surface of MS materials, which increases stability and changes product yield distribution 

dramatically. For example, one catalyst that we are using reacts ethylene and benzene to form 

ethylbenzene at 100 °C (Figure 1.9). By modifying and attaching the molecular catalyst to MS 

material, the catalyst stability increases and remains highly active at temperature greater than 

150 °C and styrene, a major commodity to the polymer industry, becomes a major product at these 

elevated temperatures. We have developed the first intracellular catalyst that is supported on MS 

particles, utilizing the internal pores to entrap substrates and covalently bind enzymes to the 

external surface.23 We showed that catalysts can be protected from the reducing environment of 

cells. Stack and coworkers have developed a novel two-step “click” chemistry synthesis for 

functionalizing the surface of mesoporous silica that is applicable to a wide range of organic 

functional groups.50 By first co-condensing an azidopropyl triethoxysilane with SBA-15, a 

distribution of azide groups were loaded onto the surface with a tunable surface coverage of 2-

50%.  Following this, copper catalyzed azide alkyne cycloaddition (“click” chemistry) was used 

to immobilize various functional groups on the surface of the mesoporous support.  By monitoring 

the fluorescence of immobilized pyrene groups, they were able to show that the distribution of the 
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groups follows a random distribution rather than uniform surface distribution.  This insight of the 

effects of co-condensation on organic functionalities on a mesoporous silica surface has led to a 

better understanding of catalyst/support interactions.50 

 

  Utilizing novel chemistry, we have established methods to functionalize graphitic 

OMC with single-site catalysts.1 This method involves lithiation of carbon-carbon bonds on the 

surface of OMC followed by covalent binding via a brominated ligand. The ligands are then 

metallated to achieve supported active catalysts (Scheme 1.2). The advantages of OMC are 

mechanical stability, hydrothermal and high and low pH stability, and conductivity. Though we 

are currently analyzing these catalysts for thermal catalysts, we believe they will be catalysts that 

will be active for electrocatalysis.  

 In conclusion, we have spent a number of years advancing the knowledge and chemical 

capabilities of mesoporous silica nanoparticle and, more recently, mesoporous carbon nanoparticle 

materials. We have demonstrated how these materials can be used for high-value molecule 

sequestration in the biofuel industry and how they can also be employed in the water purification 

Figure 1.9. Schematic representation of C-H bond activating catalyst supported on MSN. 
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industry to utilize high adsorption capacities and ability to functionalize to selectively retain and 

remove contaminants and pollutants. Additionally, these materials are used in plant science 

research to use gene bombardment techniques to delivery chemicals, proteins, and genes to intact 

plant cells. This is a recent development in utilizing MSN and OMC in plant biology research. 

 

Finally, supporting catalytically active species, either multi- or single-site, on both MSN and OMC 

has been extensively demonstrated by us. We have contributed considerably in discovering new 

synthetic methods to incorporate stable metal and metal oxide nanoparticles into the framework 

and on the surface of MSN and OMC. Utilizing different synthetic techniques, we have established 

Scheme 1.2. Representation illustrating novel method for activating defect sites in the surface 
of OMC for covalent ligand binding used for single-site catalysis. 
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methods to incorporate site-isolated ligands covalently on the surfaces of MSN and OMC to 

increase the stability and vary product yields of molecular organometallic catalysts.  

1.7 Outlook 

 The research of robust nanoparticles in porous structures could be transformational for the 

field of catalysis because it could provide a paradigm whereby these materials could be employed 

in rigorous reaction conditions in which they would typically aggregate. Additionally, this 

approach offers a scalable approach to potentially independently alter the catalyst and porous 

environment. Since catalytic processes are of vital economic importance (approximately 35% of 

the gross world product), the benefits could be far reaching. An ideal “green” catalyst would be 

able to perform the oxidation using air as the oxidant in the absence of solvent or additional 

promoters. Finally, this material was robust and recyclable. The ability to develop “green” 

catalysts would have a profound positive impact on the environment and improve the economic 

feasibility and resource efficiency of important industrial processes. As a proof of concept, studies 

with an emphasis on GMS have demonstrated the synthesis of a stable nano gold/mesoporous 

silica composite prototype with significantly improved catalytic activity for n-hexadecane and 

benzyl alcohol oxidation. Characterization by physisorption and transmission electron microscopy 

infers that the gold is intercalated into the walls of the porous silica. The catalyst systems are 

chemically and mechanically robust, can be separated easily and are reusable, thus demonstrating 

attractive potential for practical applications. 

Acknowledgements: Thank you to my co-authors Yazhou Ji, Ryan Richards, and Brian Trewyn for 
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CHAPTER 2  

IN SITU FORMATION OF METAL CARBIDE CATALYSTS 

Modified from a paper published in ChemCatChem 

Megan M. Moyer, Canan Karakaya, Robert J. Kee, and Brian G. Trewyn. 

2.1 Abstract 

 Metal carbide catalysts are essential to many widely used chemical processes. Fischer-

Tropsch synthesis, methane dehydroaromatization and biomass conversion catalysts are typically 

prepared in situ from a metal oxide precursor with a carbon-containing gas. The reduction process 

of the metal oxide affects the final catalyst, as does the carburization gas mixture and metal 

promoters. By looking at materials that are carburized in situ, new insights can be gained about 

catalyst activation, fuel processing, and deactivation stages. The main focuses of this Review are 

iron carbide, molybdenum carbide and nickel carbide; analyzing catalyst synthesis methods, 

reduction steps, in situ carburization and improvements to the native processes. By combining 

years of research on these catalysts, trends and similarities are observed that can be used to improve 

current catalytic studies. Additionally, typical supports for these metal carbide catalysts are 

explored. Microporous zeolites are a necessary component to methane dehydroaromatization, and 

other processes may incorporate inorganic and inert support materials to increase surface area or 

stability of the catalysts. 

2.2 Introduction 

One of the fundamental pillars of green chemistry is the utilization of catalysts to eliminate 

hazardous wastes and undesirable side-products. Using catalysis, many traditional chemical 
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processes can be improved to be more efficient.1 An alternative fuel process that follows these 

principles is Fischer--Tropsch synthesis (FTS). This chemical pathway has been used for over 90 

years to transform natural gas, coal and biomass precursors into useful hydrocarbon products over 

catalysts such as iron carbide and Ni0 metal.2 The fuels produced through this process are more 

environmentally friendly than those produced through conventional petroleum pathways.3 The 

world’s current fuel and chemical production relies heavily on petroleum crude oil, though 

reserves of methane and coal exceed that of crude oil by factors of 1.5 and 25, respectively.4 

Geological methane contributes 16-40 teragrams of natural gas to the atmosphere annually; 

therefore the ability to use this as a source of energy is highly desired.5-6 With climate change as 

one of the most prevalent concerns today, finding green pathways to converting this gas into useful 

hydrocarbon products is the focus of both academic and industrial research.7 One such process that 

has emerged for the direct conversion of methane to higher hydrocarbons is methane 

dehydroaromatization (MDA). This catalytic process employs a bifunctional catalyst consisting of 

low cost molybdenum catalysts on zeolite to form higher value products such as benzene and 

hydrogen gas.8 Another key aspect to improve fossil fuel consumption is creating more direct 

chemical pathways that minimize the production of carbon dioxide. By either incorporating this 

gas into chemical pathways that produce useful hydrocarbons or finding alternative pathways that 

are CO2 free, improvements to the atmosphere and reductions in energy consumption can be made. 

Biomass conversion can be used in the production of essential chemicals, including liquid 

transportation fuels to reduce the amount of CO2 in the atmosphere and create a more sustainable 

energy source than petroleum.9-10 Common to all of these catalytic processes are metal carbide 

catalysts that are formed during the reaction, an in situ process. To the best of our knowledge, there 

is no comprehensive Review that compiles information on in situ formed metal carbide catalysts 
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across multiple applications. This Review will discuss the type of reactions/chemical processes in 

which these catalysts are applied, the precursor materials, current understanding of the 

carburization mechanisms for the catalysts and improvements to the catalytic materials. 

2.3 Chemical Processes 

2.3.1 Fischer-Tropsch Synthesis Chemistry 

One of the most common reactions that typically requires a carburized catalyst is Fischer-

Tropsch synthesis (FTS), which converts syngas (CO and H2) into hydrocarbon products. Fischer-

-Tropsch chemistry has been studied for many years, with the first report appearing nearly a 

century ago,11-13 and is an industrialized process for gas to liquid conversion. The reaction requires 

a metal catalyst, most commonly containing iron or cobalt.14 This reaction is important as an 

alternative to oil as a feedstock, but the products of FTS must be further upgraded to be utilized as 

fuel in the current infrastructure. Reaction temperatures are generally in the range of 473-613 K, 

with some low temperature processes run around 423 K.15 Reaction pressures are approximately 

1-10 atm, though lower pressure syntheses cause less strain on most equipment. Syngas conversion 

to hydrocarbons through FTS is simply written as a balanced equation [Eq. (2.1)]: 

 nCO + (2n+1)H2 → CnH2n+2 + nH2O (1) 

There are, however, numerous side reactions that compete with the formation of 

hydrocarbon products. A reaction that frequently occurs with iron-based catalysts is a water-gas 

shift (WGS).16 In this reaction, carbon monoxide and water react to form molecular hydrogen and 

carbon dioxide[Eq. (2.2)] 

CO + H2O ⇄ H2 + CO2 (2) 

leading to the formation of longer hydrocarbon chains during FTS even if hydrogen is not an 

abundant reactant. Another unique feature of FTS is that it can be employed with a multitude of 
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reactants including coal, natural gas and biomass. In this respect, it is one of the most useful and 

versatile chemical pathways to produce cleaner energy. The hydrocarbons produced from this 

process are environmentally friendly as they are free from sulfur, nitrogen and aromatic 

hydrocarbons, making the subsequent fuels produced from FTS also cleaner than conventional 

petroleum-based fuels.17 Despite over 90 years of progress and research in this field, there are still 

many challenges to FTS including limiting undesirable side reactions and increasing the amount 

of desirable products that can be easily upgraded to usable fuels. Many reports focus on improving 

the catalyst as it directly affects the types of products, amount of products, reaction pathways and 

side reactions such as WGS. 

Two of the most productive metals employed as FTS catalysts are iron and cobalt, because 

of their high catalytic activity as well as their relative low costs and earth abundance, allowing for 

industrial scale production. The activity of the iron catalyst is initially low until carbide species 

are formed, whereas cobalt metal tends to be active from the onset of the reaction.18 Iron carbide 

is generally formed in situ under the presence of CO and H2 gas (Scheme 2.1). The carburization 

of the iron metal allows for CHx species to form on the surface of the catalyst that then undergo 

polymerization to form high hydrocarbon intermediates and final products.17 

Since the iron carbide is able to catalyze WGS, formation of a wide range of chemical 

products is possible using this approach. However, iron catalysts also undergo rapid deactivation, 

which requires expensive and time-consuming catalyst regeneration or replacement.14 Research is 

heavily focused on understanding and preventing this deactivation and improving overall catalyst 

lifetime. To accomplish this, an in-depth understanding of the deactivation mechanism is required. 

Despite many years of research, this mechanism is not fully understood, and even the nature and 

structure of the active catalyst remain a topic of debate. Different types of iron such as metallic 

iron, iron carbide and iron oxide may be responsible for catalysis, or it may be a combination of 

different active species working synergistically, though it is generally agreed that iron carbide 
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species are the active catalyst. Franz Fischer originally proposed that CO dissociation over the iron 

catalyst was the primary step in the reaction, forming catalytic iron carbide. The carbon could then 

be hydrogenated to methylene species and polymerized to products.11-13, 15 Generally a CHx species 

is formed at the catalyst surface, but the exact monomer is not yet agreed upon. 

Scheme 2.1. Possible reaction mechanism for in situ carburization of the catalyst surface 
during Fischer--Tropsch Synthesis. Reduction of surface iron oxide is followed by 

carburization of the metal.
14
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Many of the challenges of understanding the iron-based catalysts apply also to cobalt 

catalysts, except Co does not form a carbide during the reaction. In some cases, the addition of 

cobalt assists the iron catalyst by tuning the active environment.17 Ernst et al. and Bezemer et al. 

found that Co undergoes a similar reduction profile to iron if subjected to CO/H2 gas. The oxide 

is first reduced from Co3O4 to CoO and finally to Co metal. However, instead of carburizing during 

the reaction, the active species has always been observed as metallic Co.19-20 Despite the challenges 

and uncertainties involved in the chemistry of FTS, a wide variety of approaches and 

characterization methods have been applied to gain insight into the importance of carbide catalysts 

formed with in situ carburization.  

2.3.2 Methane Dehydroaromatization Chemistry 

Methane dehydroaromatization (MDA) is a gas-to-liquid process that is conceivably a 

more direct route to producing liquid fuels than FTS chemistry. Methane is directly converted into 

benzene, hydrogen and traces of other hydrocarbon products over a bifunctional metal/zeolite 

catalyst, avoiding oxygenated intermediates. Therefore, MDA is often presented as a direct process 

to produce high energy density materials.3, 21 However, methane is thermodynamically stable to 

high temperatures (above 973 K) and requires catalytic upgrading to form liquid molecules.22-23 

The main products of MDA are benzene and hydrogen; naphthalene is an undesired side product 

and ethylene and ethane can be formed at very low levels. Typical reaction conditions are 1 bar, 

948-1073 K and 750-4500 WHSV (mL gcatalyst
-1h-1).24 The general reaction for MDA is shown in 

Eq. (2.3): 

 6CH4 ⇄ 9H2 + C6H6 (3) 

However, this reaction is idealized; the actual reaction is typically more complex. Essential to this 

process is the bifunctional catalyst. The methane is first activated on the metal catalyst (typically 

molybdenum) to form primarily ethylene and hydrogen, then further polymerization and 
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aromatization reactions take place on the Brønsted acid sites of the zeolite.25-27 The overall activity 

of the catalyst is not very high, and even the best catalysts can only convert up to about 12% of 

the methane feed at 973-993 K.28-29 Additionally, the selectivity of the catalyst towards its desired 

product (benzene) is only about 60-80% with the other 20+% consisting largely of polyaromatic 

hydrocarbons that contribute to the rapid coking observed in these reactions.6 The formation of 

coke, carbonaceous residues that block access to the catalyst active sites, during the MDA reaction 

deactivates the catalyst and causes the benzene formation rate to drop gradually over time at 

elevated temperature and pressure.30 

Extensive research has been conducted on metal types, metal loadings, zeolite types and 

zeolite structures to improve the efficiency of the MDA reaction. This process has not yet been 

commercialized owing to thermodynamic limitations that affect methane conversion and benzene 

selectivity, as well as rapid catalyst deactivation (within a few hours). As a result, much of the 

research in this area has been focused on the catalyst and finding ways to limit coke formation 

while increasing benzene selectivity. Attempts have been made to improve methane conversion 

by incorporating membranes that remove hydrogen as it is produced, but these reactions still suffer 

from high naphthalene formation rates and coking.31 Many different transition metals have been 

studied for MDA including W, Re, Ga and Co, however; the best performing metal is Mo, and it 

is most commonly studied for this chemistry.6 The conversion of methane to hydrocarbon products 

is largely affected by the metal loading. It has been reported that conversion increases with 

increasing Mo loading up to 6 wt% Mo supported on zeolite. If Mo loading is further increased, 

activity begins to decrease as zeolitic acid sites are deactivated; many studies are performed with 

2, 4, or 6 wt% Mo as these tend to work most efficiently.32 Finally, the type of zeolite used 

alongside the metal catalyst plays an important role in MDA. Commonly used supports are ZSM-

5 and H-MCM-22 type zeolites. ZSM-5 is often the choice of support for MDA as a result of its 

commercial availability as well as tunable acidity and favorable pore structure.33 The unit cell of 
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synthesized ZSM-5 is a=20.07, b=19.92 and c=13.42 Å. The three dimensional channels in the 

zeolite are made of 10-membered rings (Figure 2.1), and it has a specific surface area of 300-350 

m2g-1.33-34 

 

MCM-22 contains a two pore system consisting of a 10-membered ring and a larger 12-

membered ring (Figure 2.2). The unit cell parameters are a=14.11 and c=24.88 Å.35 During the 

synthesis, Al is partially extracted from the framework, leaving hydroxyl groups which act as very 

strong acid sites.36 Typical surface areas are 400-500 m2g-1.37 

Figure 2.1. ZSM-5 framework viewed along the [010] access showing the 10-member ring 
pores. 
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MCM-22 is not commercially available, making ZSM-5 the more investigated support. 

More recently, nanosized MCM-22, synthesized for use as a support in MDA, showed improved 

methane conversion, benzene yield and catalyst durability.38 The pore sizes and structures within 

the zeolites dictate what can pass through and what is trapped inside the zeolite. Larger pore sizes 

are more resistant to coke formation and accumulation, but are less selective as larger products 

(such as naphthalene) can easily pass through the pores.6 Another important factor is the acidity of 

the zeolite and the active sites within its structure. These can be tuned with silicon-to-aluminum 

Figure 2.2. Graphic model of the MCM-22 crystal lattice. 
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ratio (SAR) variation, but some studies have introduced mesopores into zeolite structures or 

selectively etched away parts of the zeolite to tune both its pore structure and acidity.39 By 

changing the zeolite structure to a mesoporous zeolite, rapid deactivation by coke formation has 

been shown to decrease; however, the synthetic methods for these zeolites cannot be 

commercialized in its current state. A recent study by Martínez and Peris showed that if the protons 

of H-ZSM-5 are partially exchanged for Na+, Cs+, Ca2+ or Mg2+ the strength and density of the 

acid sites can be tuned. The loss of strong acid sites leads to lower activity towards methane 

conversion, but benzene selectivity is improved, and catalyst decay rates decreased in the case of 

sodium and cesium. The addition of calcium and magnesium produced similar results, though not 

as pronounced as with the alkali cations. Each was successful at suppressing coke formation, thus 

extending the relative catalyst lifetime; however, exchanged catalyst activity was still lower than 

on unmodified Mo/ZSM-5.40 

The molybdenum catalyst is typically introduced into the zeolite by a wet impregnation 

process followed by calcination, which forms Mo oxide on the zeolite surface. To activate the 

catalyst, it must be carburized to form molybdenum carbide before any desired products are 

produced. Generally, this is done through in situ carburization as methane gas is passed over the 

oxide catalyst at reaction temperatures (973-1023 K), which completes the carburization of the 

catalyst within a few hours. During carburization, the molybdenum (Mo6+) is partially incorporated 

into the zeolite structure at the Brønsted acid sites, deactivating them. Only about 60-80% of the 

Mo6+ is incorporated into the Mo-carbide structure, at which point a quasi-steady state of methane 

conversion and benzene yield is reached. Molybdenum oxide species still coexist after 

carburization, especially within the narrow pores of the zeolite due to mass transport limitations.24 

After carburization initiation, molybdenum carbide sites begin to convert CH4 into ethylene and 

hydrogen, which then react on the acid sites to form aromatics.32 Additionally, coke forms within 

the pores throughout the process. All of these factors lead to a relatively low catalyst activity and 
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short time-on-stream conversions of methane. Understanding the process by which Mo is 

carburized and further understanding the coking mechanism of the MDA reaction could lead to 

improved catalyst activity and, eventually, commercialization of this technology. However, there 

is no consensus on the actual structure of the molybdenum carbide catalyst as a result of its 

dependence on individual reaction conditions. 

2.3.3 Biomass Conversion Chemistry 

The third type of chemistry that often employs carburized catalysts is biomass conversion. 

In biomass conversion, the feedstock sources include a wide variety of oxygenated hydrocarbons 

and aromatic compounds which undergo subsequent reaction: pyrolysis, gasification, liquefaction, 

or hydrolysis.41 However, each type of biomass conversion chemistry is complex and involves 

input and output of carbon; therefore, obstacles arise with coking and the formation of undesirable 

side products such as tars and other impurities. The main biomass conversion reactions include 

hydrolysis, dehydration, isomerization, reforming, aldol condensation, hydrogenation, oxidation 

and hydrogenolysis. Hydrolysis, dehydration, isomerization, oxidation and aldol condensation are 

often performed at lower temperature (≤400 K). Hydrogenolysis and hydrogenation are conducted 

at higher temperatures (470 K), and aqueous phase reforming at even higher temperatures (500 K). 

Most of these processes are performed at relatively low pressures (<50 atm), but higher pressures 

are occasionally required for water to remain in the liquid state.42 In hydrolysis, glycosidic bonds 

between sugar units are cleaved resulting in the formation of simple sugars. Dehydration reactions 

convert sugars into furan compounds. Isomerization is useful for converting glucose to fructose. 

Reforming is typically used to produce hydrogen, which can then be used in applications such as 

hydrogen PEM (proton exchange membrane) fuel cells and hydrogenation reactions. Aldol 

condensation reactions form C-C bonds with the help of an acid or base catalyst at relatively mild 

temperatures. Hydrogenation takes place over a metal catalyst to saturate C=C, C=O and C-O-C 

bonds. Oxidation is performed over supported metal or metal oxide catalysts as well. Finally, 
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hydrogenolysis of C-C or C-O bonds takes place under H2 gas, also with supported metal 

catalysts.42 The resulting products in biomass conversion often include syngas, but are more 

complicated than FTS chemicals as they contain hydrocarbons, aromatics, water vapor, some 

sulfides and even trace inorganic materials.41 This makes separation of the final products more 

complicated than for FTS and MDA, but also allows for a wider range of products. Generally, 

biomass conversion will follow these steps [Eq. (2.4)]: 

 Biomass + oxidant (O2, H2O) → 

 CO, H2, CO2, H2O, CH4 + hydrocarbons →  

 tar + char + ash → 

 H2S + HCN + NH3 + HCl + sulfur species (4) 

Also, as in FTS, water can play an important role in the overall chemistry. Water is 

necessary for steam reforming to produce CO and H2 or WGS as it reacts with CO to form CO2 

and H2 [Eq. (2.2)]. Dry reforming is also possible, in which the hydrocarbons interact only with 

CO2 to form CO and H2. By finely tuning these conditions many different chemical pathways are 

accessible. As with FTS and MDA reactions, the catalysts used in biomass conversion have been 

thoroughly investigated, and substantial information is available to improve processes and to 

achieve increased yields and longer time-on-stream. While almost all transition metals have been 

studied as possible catalysts for these reactions, including Fe, Mo, Rh and Pt; Ni appears to be the 

most commonly used catalyst.41 For commercialization, less expensive, more earth-abundant 

metals are desirable, though precious metals have historically shown excellent activity. Biomass 

conversion catalysts usually include a promoter such as Mg or CeO2 and a support material such 

as silica or zeolite, each of which affect the overall activity of the catalyst.41 
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Nickel oxide is one of the most active catalysts for biomass conversion, but activation 

curves are observed to be similar to those seen for Mo oxide during the initial time-on-stream for 

MDA. This suggests that Ni oxide may undergo partial in situ carburization, or at least reduction 

to nickel metal, before the formation of desired products.43-44 This can be done in situ with the 

biomass pyrolysis vapors, or can be performed ex situ with hydrogen gas mixtures.43 It is also 

observed that molybdenum oxide biomass catalysts must first undergo carburization before 

conversion occurs.45-46 Some research indicates that it may be the combination of the oxide and 

carbide forms of the metal catalysts that most efficiently react with the biomass.47-50 Many reaction 

pathways also specify that surface carbon plays a role in the formation of final products. 

Consequently, either the metal or the support is carburized during biomass conversion. Coking 

itself is a form of carburization as the hydrocarbons are activated on the catalytic surface; the 

carbon dissociates and begins to accumulate on the catalyst surface instead of forming desirable 

products.51 As surface carbon forms, it nucleates and arranges into even larger carbon deposits that 

eventually lead to catalyst deactivation.41 In some cases such as with pure Ni, coke deactivates the 

catalyst leading to decreased activity over time.52 The stability of transition metal carbide catalysts 

employed in liquid-based reactions for biomass conversion has been recently reviewed by Macedo 

et al.53 The type of metals, promoters and supports used as biomass conversion catalysts affect 

coke formation and are heavily influenced by in situ carburization. 

2.4 Mechanisms of In Situ Carburization 

Carbide catalysts can be formed from a variety of starting materials, the most common of 

which are metal oxides and pure metals. The metal is obtained from metal salts such as ammonium 

heptamolybdate, ammonium paratungstate, or iron or nickel nitrates that are dissociated, dried and 

calcined in air to form the corresponding metal oxide.54 If a support material is used, these metals 
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are introduced through an incipient wetness preparation followed again by drying and calcination. 

The resulting transition metal oxides may be of different oxidation states depending on application 

and synthetic procedures and are often first reduced before carburization. This metal oxide 

precursor influences the types of carbide catalysts that can be formed, and the reduction steps 

influence the time scale of the reaction. 

2.4.1 Fischer-Tropsch Catalysts 

Iron oxide precursors that are reported as FTS precursors include hematite (α-Fe2O3), 

magnemite (γ-Fe2O3), magnetite (Fe3O4), FeO and FeOOH.14 Under typical FTS reaction 

conditions, iron oxide undergoes reduction (H2 gas) via the following steps: α-

Fe2O3→Fe3O4→FeO→α-Fe.55 These species can be carburized to create active sites for FTS. 

While studying the carburization process of iron during FTS, Janbroers et al. discovered that their 

oxide precursor consisted of small oxide particles in the hematite phase.56 This species undergoes 

reduction to magnetite, during which there is sintering of the particles, before carburization. The 

first step of iron activation during FTS involves the transformation from α-Fe2O3 to Fe3O4 

regardless of the carburizing gas mixture. Li et al. synthesized iron oxide powder catalysts with 

different promoters (Zn, K, Cu) for FTS.54 Each powder consisted of iron oxide in the form of 

Fe2O3, which underwent reduction and carburization during initial FTS heating as follows: 

reduction of Fe2O3 at 543 K to Fe3O4, then reduction/carburization of Fe3O4 to form FexC (where 

x equals 2.5 or 3) from 543-723 K. The promoters had no influence on the first reduction step of 

the iron oxide which is required before carburization; however, they did affect the further reduction 

of the iron oxide and its carburization behavior. The next step is more dependent on the gas used 

and leads either directly to iron carbides (CO or CO/H2) or to further reduction to metallic iron 

followed by carburization (H2).57-58 Vo et al. started with a MoO3 precursor on an alumina support, 

obtained by calcination of aqueous ammonium heptamolybdate salt on the support material, which 

was reduced to an oxycarbide species before further carburization.59 
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Iron carbides are generally formed from iron oxide by in situ carburization with reactive 

gas, CO and H2. They do not form perfect geometrical lattices similarly to early transition metal 

(group IV, V, VI) carbides, but have distorted lattices where carbon atoms can interact with other 

carbon atoms directly.14, 60-61 These carbon-carbon interactions lead to catalytic performances 

distinctly different from those of early transition metal carbides, and the free carbon helps tune the 

chemical environment of the iron to make it an effective catalyst for FTS chemistry. Some iron 

carbides have stable structures (graphite), but more often metastable carbides such as Fe2.5C and 

Fe3C are formed (Figure 2.3).14 

 

Figure 2.3. Fe-C diagram from 0 to 25 atomic% carbon. The stable graphite phase is in the 

upper right portion of the equilibria graph, and metastable cementite (Fe3C) in the middle.
60
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Iron-carbon binary systems are never completely thermodynamically stable, but play 

important roles in carburization and catalysis during FTS.61 This makes characterization of the 

active iron carbide species difficult, especially since they are formed in situ. Other published work 

suggests that χ-Fe5C2 is the active phase in FTS, which shows high activity for CO activation and 

chain growth.47 Li et al. used powder X-ray diffraction to characterize their iron carbide active 

phase as a mixture of Fe2.5C and Fe3C.54 Carbon chemical potential can be used to explain iron 

carbide transformations during FTS reactions. The most commonly observed forms of iron 

carbides are ε-Fe2C, χ-Fe5C2 and θ-Fe3C as a result of their high stability, low deformation energy 

of the hcp lattice and high stability at low carbon chemical potential conditions, respectively.47 An 

early study by Amelse, Butt and Schwartz found that α-Fe2O3 was reduced to α-Fe under H2 before 

completely carburization in CO/H2. This carbide catalyst was in the ε' (Fe2.2C) form as opposed to 

more commonly reported χ or ε forms, perhaps owing to the support interaction with silica gel.62 

In FTS, the carburizing gas mixture is CO and H2. At typical reaction temperatures, iron 

oxide is readily converted to the active iron carbide species [Eq. (2.5)].14 

FexOy + yH2 ⇄ xFe + yH2O 

FexOy + yCO ⇄ xFe + yCO2 

CO → C + O over active surface site 

yC + xFe → FexCy (5) 

At low reaction temperatures, 450-500 K, iron oxide reduction can take place; only as 

temperatures begin to approach FTS reaction temperature (>500 K) does carburization occur.54 

The crystallinity of iron and molybdenum carbides and the degree of carburization can be tuned 

with reaction temperature, carburizing gas mixture, structure of the metal oxide precursor and 

reaction time.63 Iron carbon core-shell nanostructures have been formed in situ during FTS of iron 
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supported on biochar, which acts as the carbon source for the carbide formation. These 

nanoparticles consisted of α-Fe, Fe3C and graphite.64 In another example, if iron is exposed to a 

H2 gas atmosphere, it is reduced from Fe3O4 directly to metallic Fe. However, if the carburizing 

gas is CO, iron carbides form from the same iron oxides.65 Changes have been made to the basic 

processes to make them more industrially viable or to improve the product formation. Low 

temperature FTS (Sasol process) produces longer chain hydrocarbons compared to the higher 

temperature process.66 Molybdenum catalysts have also been employed as alternative catalysts 

during the FTS process. Vo and Adesina obtained the α-MoC1<M->x carbide through a typical wet 

impregnation method on alumina.59 This catalyst was more tolerant of higher CO partial pressures 

during FTS than Co and Fe catalysts owing to CO adsorption on unsaturated Mo-carbon sites. 

2.4.2 Methane Dehydroaromatization Catalysts 

Many different molybdenum oxide species are formed in situ; however, the actual oxide 

species are not all agreed upon in the literature. Different oxidation states are thought to be present 

during the reduction stage that precedes carburization, though almost all researchers agree that at 

some point MoO3 is reduced to MoO2 during carburization. Ma et al. discovered that metal-doped 

molybdenum carbides could be formed from salt precursors, but observed many different 

intermediate Mo oxide species.67 The main process was reduction of MoO3 to MoO2 followed by 

carburization, but they also observed some MoOxCy species before full carburization. The same 

observations were made by Hanif in 2002 with non-doped Mo species.68 However, through 

chemical modeling, it was discovered that Mo species supported on zeolites are first reduced from 

MoO3 to Mo2O5, which can be directly carburized.69 More recently, Gao et al. determined that 

nanostructured molybdenum oxide forms agglomerates during carburization, which can be 

converted back to the oxide form with the introduction of oxygen.70 

The active phase of molybdenum carbide is often described as Mo2C, but the understanding 

of the exact nature of these Mo carbides has changed over time. The β-Mo2C surface can be 
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terminated with either Mo or C atoms.71 Hanif et al. found that the ramp rate during the initiation 

of carburization changes the temperature at which Mo oxide becomes fully carburized.68 Many 

studies found the β-Mo2C to be the active species after carburization;67, 72-75 with other Mo carbide 

species often observed in these studies. Density functional theory has shown that the β-Mo2C(001) 

surface has similar carbon reactivity to group VIII/IX metals and is more reactive towards oxygen 

and hydrogen species than group VI metals.76 Others suggest that Mo oxide is never fully 

carburized, and instead Mo2C and MoOxCy catalysts are both present and work in tandem as the 

active species.77 The Mo2C surface can form subsurface oxides, hydrides, or oxycarbides at typical 

reaction conditions.76 Lee et al. determined that the active phase of Mo carbide was either β-Mo2C 

(hexagonal close-packed) if carburized directly or with a metallic intermediate, or α-MoC1-x (face-

centered cubic) if prepared through a nitride intermediate, with x approximately equal to ½.78 

Matus et al. concluded that the molybdenum carbide species formed outside the pore structure 

cannot be the active site as it is covered by 2-3 nm of graphitic carbon. Instead, it is the 

molybdenum within the pore channels that is active, as it is not carburized as easily, and is in close 

proximity to the acid sites of the zeolite.29 Additionally, support properties can be affected by the 

harsh conditions typical of these reactions. Increasing the calcination temperature of 2 wt% 

Mo/HZSM-5 above 1023 K, while holding all other MDA reaction conditions constant, was found 

to decrease surface area, methane conversion and benzene production as a result of dealumination 

of the zeolite.79 Benzene formation temperature is lowered from above 1000 K to 847 K if 

carburization of MoO3 occurs prior to the MDA reaction as compared to the in situ carburized 

catalyst.37 Mo/zeolite catalysts prepared on Y-zeolite were found to be much more stable towards 

benzene hydrogenation at lower temperatures if reduced with a methane/hydrogen mixture rather 

than with pure hydrogen, as methane increased the available number of coordinatively unsaturated 

sites on the catalyst.73 
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In MDA and other chemistries involving molybdenum carbide catalysts, the most common 

carburizing gas is methane or a combination of methane and hydrogen. Typically, carburization of 

the catalyst is observed, followed by a fuel processing period before catalyst deactivation (Figure 

2.4). Reaction temperatures for Mo carbide also tend to be higher than some FTS temperatures, 

ranging from 973-1123 K.29, 32 An early study of molybdenum carbide catalysts by Lee et al. 

compared carburization methods to overall catalyst performance.78 The first method was a 

reduction of the Mo oxide in H2 followed by carburization with a 20% CH4/H2 mixture; the second 

method was direct reduction/carburization in the methane/hydrogen mixture; the third method was 

to use ammonia as the precursor for nitridation, followed by carburization in the methane/hydrogen 

gas. The catalysts were tested for benzene hydrogenation, in which the two catalysts not prepared 

by direct carburization initially performed better. However, they deactivated quickly with time-

on-stream and increased reaction temperatures. The catalyst formed by direct carburization 

showed low activity throughout the reaction profile but did not deactivate as quickly as the other 

catalysts. Most commonly, MoO3 was reduced to MoO2 followed by carburization via CH4 to form 

MoCx species, which varied depending on reaction conditions.31 Iron has also been used for 

methane dehydroaromatization, and its incorporation into a silica matrix allowed for activation of 

methane and formation of methyl radicals that increased the selectivity towards ethylene. 

Additionally, this catalyst was able to convert up to 48% of the methane reactant gas with a 

hydrocarbon selectivity (benzene, ethylene and naphthalene) of 99% at 1363 K and 21400 space 

velocity mL g-1h-1. However, most of the methane was converted to ethylene or naphthalene, with 

benzene yields remaining fairly low.3 

2.4.3 Biomass Conversion and Catalysts for Related Processes  

Many different metals may be employed for biomass conversion reactions. If Mo carbide 

was used for biomass conversion, the oxide was first reduced at lower temperatures then carburized 

once higher temperatures were achieved. This catalyst was effective for steam reforming of 
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biomass tar.45 When Mo(CO)6 was used as the catalyst precursor, it was thermally decomposed to 

Mo2C in H2 above 800 K, but the carbide was destroyed, and Mo metal formed at conditions above 

970 K. In this study, the Mo2C/Al2O3 catalyst was able to chemisorb twice as much CO as the 

Mo/Al2O3 catalyst supporting the hypothesis that the carbide phase is the active phase for CO 

hydrogenation.80 York and co-workers were able to produce a partially carburized molybdenum 

oxide (which they denoted as MoO3-carbon modified) by carburizing commercially available 

MoO3 under n-heptane and H2 gas at 623 K.77 In a recent study by Kaewpanha et al. biomass char 

was used as the support material for the molybdenum catalyst.45 The char used as the support 

material also acted as the carbon source required for carburization of Mo to Mo2C at temperatures 

above 873 K, demonstrating an effective way to form active catalysts in a single in situ step. This 

biomass-supported catalyst was found to work well for steam reformation of tar. 

Nickel is the most common metal catalyst for biomass conversion and exists as both 

metallic Ni and Ni oxide. Nickel catalysts also have important interactions with promoters and 

Figure 2.4. Methane dehydroaromatization catalyst activity as a function of time-on-stream 

during the reaction. Products are formed during the fuel processing period.
75
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supports, which are often metal oxides.41 In one study, Ni/ZSM-5 was used to upgrade pine 

pyrolysis vapors to aromatic hydrocarbons. The authors found that pre-reduced (ex situ) Ni/ZSM-

5 initially performed better than ZSM-5 alone or NiO/ZSM-5 but deactivated quickly. NiO/ZSM-

5 was reduced in situ and initially showed activity similar to bare ZSM-5, but eventually reached 

activity that was the same as the Ni/ZSM-5 catalyst, suggesting the nickel reaches the same end 

state, regardless of pre-treatment.43 Finding the optimal reduction temperature must be considered 

for each reaction, as below a certain temperature the reduction will not yield an effective catalyst, 

but too high a temperature can cause sintering. In the case of reduction of NiO in H2 gas on an 

alumina support, Cheng et al. found the optimal reduction temperature to be 873 K.44 

Nickel carbide is not often observed during biomass conversion reactions, but there is 

evidence that it works synergistically along with carbon supports after reduction. Ni/C has been 

used to form aromatic hydrocarbons from lignin, which is often the most difficult biomass 

precursor to break down and is typically treated as waste.81 It has also been observed that Ni metal 

on NiC species exhibits superior catalytic properties than Ni on carbon. For the hydrogenation of 

chloronitrobenzene, NiC/Ni carbon nanofibers were able to convert 97-100% of the starting 

material, whereas the Ni on carbon catalyst converted only 67%. The formation of carbon 

nanofibers and incorporated nickel carbide could only occur after the initial reduction of Ni2+ to 

Ni0 by carbon containing precursors.82 In another carbon nanofiber growth study with nickel as 

the growth substrate, it was found that nickel can be present in three stages during the growth 

process: Ni3C at 573 K, composite formation of Ni-Ni3C1-x at 673-773 K and Ni metal at 873 K. 

They also note that no stable nickel carbides can be formed, but that metastable species are often 

present at lower temperatures (below 1373 K).83 Ni-W2C supported on activated carbon has been 

shown to be comparably active to noble metal catalysts in hydrocracking of woody biomass to 

form ethylene glycol.84 Nickel metal can be carburized to form Ni3C, which occurs in small 

amounts during methanation with CO gas as the reactant at 538 K.85 
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2.4.4 Other Processes Utilizing Carbide Catalysts 

Other metal catalysts are active in their carbide form and are typically created during the 

progress of the reaction. Vogel used in situ XRD to monitor the formation of palladium carbide 

catalysts when Pd metal was supported on carbon. Though it is often thought that carbon formation 

is solely in the form of coke deposits, it was shown that at 623 K the Pd lattice became saturated 

with carbon. The distribution of the carbon throughout the nanoparticles was not homogeneous 

and they also formed PdCxHy structures following exposure to hydrogen after carburization.86 

Tungsten carbide, which can be formed in situ under carburization conditions similar to Mo2C, is 

often studied owing to its similar catalytic properties to Pt. One early study reported the formation 

of WC during reduction and carburization of WO3 powder with CH4/H2 gas at high temperatures. 

The catalytic properties for hydrogenolysis were shown to be similar to Ru, Ir and Ni for cracking 

reactions.87 Since the discovery that WC behaves similarly to precious metal catalysts, others have 

worked to prepare bulk tungsten carbide88 and supported tungsten carbide89 as lower cost 

replacements to noble metals. Ni(111) is used as a substrate to grow graphene as its lattice structure 

closely matches 2D graphene. During the graphene growth, an intermediate layer of Ni2C is 

formed. The graphene grown on the carbide surface exhibits different electronic properties from 

Ni(111) templated graphene and prevents oxidation to NiO.90 Detonation spraying is used in 

coating deposition technology and relies on the complete combustion of the fuel (acetylene) to 

produce coatings without solid carbon deposits. If nickel is incorporated in this process, it was 

found that in situ carbon dissolved in the molten nickel, forming metastable hcp-Ni and fcc-Ni. 

The carbon stabilizes the nickel in these lattice structures and prevents immediate oxidation to 

NiO.91 Carburization of molybdic acid in CH4/H2 resulted in hexagonally arranged Mo2C after 

Mo4O11 was first reduced to MoO2 then to Mo metal.92 Adzic and co-workers observed the process 

of Mo carburization by in situ time resolved synchrotron XRD as the decomposition of ammonium 

heptamolybdate on a carbon support occurred.72 They were able to follow the process using 

thermodecomposition measured by thermogravimetry-differential thermal analysis (TG-DTA). 
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During the initial stages of weight loss, the ammonium heptamolybdate decomposed to form 

MoO3. Investigation of the carbon supported sample showed that MoO3 was reduced to MoO2 

around 788 K and then carburized. Molybdenum carbide species have also been used as support 

materials for other catalysts. In a study by Berhault et al. MoS2 samples were carburized to create 

structural carbon that stabilized the catalyst.93 They found that the bulk MoS2 structure remained 

intact, but that the support carbon was of carbide nature with small amounts of amorphous carbon. 

This support structurally modified the catalyst in a way that increased the activity as compared to 

Al2O3-supported molybdenum sulfide. 

2.4.5 Deactivation and Regeneration of Carbide Catalysts 

In situ catalytic processes require regeneration steps for the catalysts involved after 

deactivation. Carbide catalysts, especially, tend to deactivate quickly as a result of reactions with 

carbon and oxygen containing gases. The cost of regenerating catalysts during these reactions has 

a large overall effect on process economics.94 General types of catalyst deactivation have been 

reviewed extensively by Bartholomew, Forzatti and Leitti, and iron carbide was studied in depth 

by de Smit.14, 95-96 One of the most prominent deactivation mechanisms is coking of the catalyst; 

after the metal carbide is formed, inactive carbon continues to deposit on the catalyst, coking the 

surface and preventing access to active sites.97 In addition to covering the surface of the catalyst, 

coke can block the pore openings of supported catalysts, especially in structures with 

subnanometer pores such as zeolites.98 While the metal carbide is active for catalysis, subsequent 

carbon layering tends to form unreactive graphitic carbon, deactivating the catalyst. Nickel 

catalysts can also be deactivated by growth of carbon "whiskers" that detach Ni from the support 

or by pyrolytic type carbon during cracking reactions, though NiIII is more resistant to coke 

formation.99 An effective regeneration method for this type of deactivated catalyst consists of 

inclusion of some oxidant in the regeneration gas stream, such as steam, O2, or CO2. However, the 
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same oxidants can cause overoxidation, especially in iron carbide, to form inactive Fe3O4; often 

this occurs in situ as H2O is formed during high conversion periods of FTS.14, 100-101 Hydrogen gas 

can also be used to regenerate these catalysts with the added benefit that recarburization is not 

always required to reach the active form of the material. Choi et al. determined that catalyst surface 

coking was the major source of deactivation during bio-oil hydroprocessing. They examined 

regenerating their Mo2C catalyst in situ with H2 gas at 698 K and were able to produce sufficient 

quality upgraded oil after each regeneration step for 4 active runs.100 Pour et al. observed that the 

selectivity for light hydrocarbon products during FTS over Fe/ZSM-5 increased with reaction time. 

They attributed the deactivation of their catalyst to phase changes in the iron carbide, coking of 

the iron catalyst and significant coking of the zeolite. They regenerated their catalyst with O2/N2 

mixture at 573 K, but found that while the coke on the iron carbide surface could be completely 

removed, this treatment was not successful in decoking the zeolite.98 Another obstacle to consider 

during these reactions is the poisoning of the catalyst, which takes place at ppb levels in Fe, Ni 

and Co catalysts by H2S gas. Sulfur containing gases naturally occur in industrial synthesis gas as 

well as in byproducts of biomass conversion. Poisoned catalysts cannot be regenerated, therefore, 

keeping low levels of poison in the feed is highly important.96 One final deactivation process that 

must be considered is sintering of the metal particles. Sintering can occur on both unsupported and 

supported catalysts, and the growth of the active metal particles can lead to deactivation through a 

loss of total active sites during the reaction. The reaction temperatures of FTS, MDA and biomass 

conversion tend to be high (around 1000 K), leading to this type of deactivation. During the 

decomposition of methane over a Ni/SiO2 catalyst, Takenaka et al. first observed sintering of the 

Ni particles almost immediately after they were put in contact with methane. Additional 

deactivation was caused by the deposit of coke and the formation of some nickel carbide species.102 
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One way to limit sintering is to choose a support with which the metal will form strong metal-

support interactions, imparting greater stability. 

2.5 Improvements to the Process 

2.5.1 Alternative Carburization Gas Mixtures 

Most carburizing gases are composed of the reactive mixture used for the specific catalytic 

reaction, CO and H2 or CH4. However, some studies have analyzed the effects of using different 

gases to form metal carbides. In a study conducted by Chen et al., molybdenum carbide catalysts 

were formed by in situ carburization of ammonium molybdate on carbon nanotubes and carbon 

black without any additional carbon gas source.72 To form the catalyst precursor, ammonium 

molybdate and the carbon source were mixed in water followed by drying. Carburization took 

place under Ar flow at 1073 K. During carburization, the Mo salt decomposed to form α-MoO3 

followed by the formation of Mo8O23 and Mo4O11 intermediates as determined by in situ time-

resolved synchrotron XRD. Finally, around 688 K, MoO2 was obtained prior to carburization of 

the Mo oxide. This study concluded that Mo2C nanoparticles formed from this solid-state reaction 

are anchored into the carbon supports. Vo and Adesina used a carburizing mixture of H2 and C3H8 

in a 5:1 ratio after typical wet impregnation of ammonium heptamolybdate on an alumina 

support.59 This resulted in complete carburization of MoO3 to form α-MoC1-x and β-MoC1-x phases 

of the catalyst along with some Mo oxycarbide species. In a 2007 study by Wang et al. β-Mo2C 

was formed in a single-step carburization on an alumina support.103 The precursor ammonium 

molybdate salt contained hexamethylenetetramine (HMT) and was either mechanically mixed or 

the aqueous mixture was evaporated after mixing with the support. The mixture was dried and then 

heated under argon at temperatures near 973 K to form the Mo carbide.  

In a study on the formation mechanism of molybdenum carbides, Green and co-workers 

used both conventional carburization gas (methane) as well as ethane balanced with hydrogen.68 

They found that the behavior of hydrogen in both systems was similar, and both reduction and 
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carburization occurred with either gas. However, ethane was found to be more active in the 

reduction process, and the transitions occurred at lower temperatures. Additionally, the Mo carbide 

particles formed with ethane as the carburizing gas were smaller and had greater surface area than 

the corresponding methane carburized materials. Acetylene (C2H2/H2) was employed as the 

carburizing agent in another study by Green in 2002. MoO3 was heated under acetylene flow at 

temperatures ranging from 723-903 K.104 At the low temperature end, MoO3 was reduced to MoO2 

but no detectable Mo carbide structures were formed. Less MoO2 was observed in the sample 

heated to 773 K, but still no carbide was formed. At higher temperatures, no Mo oxide remained 

and MoC1-x was the phase of carbide observed for these catalysts. It was found that compared to 

other carburizing gases, acetylene produces the smallest Mo carbide crystallites. Compared to most 

conventional in situ carbide preparations, this method works well at lower temperatures, producing 

catalysts active for methane partial oxidation to syngas. 

2.5.2 Metal Promoters and Alloys 

One of the most promising routes for increasing catalyst lifetime and activity is to combine 

other metals with the active catalyst. These metal combinations can assist in different aspects of 

the catalysis such as the activation process, the carburization process, reduction of coke formation 

or extending catalyst lifetime. It has been shown that a FeRu alloy can be used for FTS without 

the formation of any carbide structure within the catalyst. This catalyst requires no activation 

period but suffers from rapid deactivation.18 Other FTS promoters include Cu, K and Zn. Copper 

promotes reduction of the iron oxide species, potassium enhances CO adsorption thus increasing 

carburization activity, and zinc prevents iron oxide particles from sintering and helps maintain 

higher surface areas.105 During an in situ TEM study, no carburization occurred on plain Fe3O4 

samples with CO gas, but once K was introduced as a promoter, iron carbide formation took place 

without extra carbon deposition in the form of coke since the CO dissociates and carbon dissolves 

into a metallic iron phase.56 It has also been found that potassium promoted iron catalysts have 
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relatively low methane selectivity, which is the least desired product in FTS, though the 

mechanism by which K enhances the selectivity is still unknown.16 In a study of how promoters 

affected carburization during FTS, researchers found that the rate of carburization increased in the 

following order: no promoter<Li<Na<K≈Rb≈Cs. The better promoters were found to decrease the 

reduction temperatures for the catalyst. After reduction of the metal catalysts, carburization takes 

place relatively easily.54, 106 Other metal promoters that resulted in higher amounts of reduction 

and carburization under CO atmosphere include Zn and Al. These catalysts also had higher 

selectivity for C5+ hydrocarbon products.54, 107 

Figure 2.5. Reaction pathways and products for carbon dioxide hydrogenation over different 

metal-doped molybdenum carbide catalysts.
74
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Molybdenum/ZSM-5 catalysts for methane dehydroaromatization were studied with Fe 

and Fe-Zn promoters. With iron as the only promoter, the rate of benzene formation increased by 

35% over a 12 hour time period, whereas the catalyst with only zinc as the promoter showed the 

same activity as the unpromoted Mo catalyst after 3 hours. Interestingly, if Mo/ZSM-5 contained 

both Fe and Zn promoters, benzene formation dropped by 31% due to the formation of high 

temperature coke deposits.108 Nickel modified Mo2C has been used as a catalyst for dry reforming 

of methane by incorporating the nickel species at the beginning of the metal oxide synthesis. The 

products of this process are CO and H2 in suitable ratios for FTS. The nickel was found to assist 

in the reduction of the molybdenum oxide by decreasing the required temperature by 100 K. 

During catalysis of CH4/CO2 mixtures, Mo2C was found to convert only 7 and 10% CH4 and CO2, 

respectively, whereas the Ni-Mo2C catalyst achieved conversions of 82 and 93%. Nickel is thought 

to both improve the reducibility of Mo oxide as well as aid in the dissociation of methane on the 

catalyst surface, thus enhancing catalytic activity.109 The final carbide phase of Mo was found to 

be β-Mo2C despite changing the promoter metal from Cu to Ni or Co, but each catalyst behaved 

differently during CO2 hydrogenation (Figure 2.5). 

Nickel/molybdenum nanoparticles dispersed on the Mo2C surface showed carbon 

conversion of 100% and hydrogen selectivity of up to 95% during the partial oxidation of surrogate 

biodiesel to syngas, a significant improvement from only 70% hydrogen selectivity with 

molybdenum carbide alone.110 Nickel has also been used as a promoter for tungsten carbide 

catalysts for biomass conversion applications. It was found that the presence of the nickel promoter 

with the WC catalyst increased selectivity for cellulose conversion to ethylene glycol as compared 

to precious metal Pt/Al2O3 and Ru/C catalysts. As with Mo, nickel lowered W2C formation 

temperatures by decreasing the required energy for tungsten reduction.111 Nickel has also been 

used in a tandem catalytic system with tungsten carbide for the conversion of glucose to ethylene 

glycol by a retro-aldol reaction followed by hydrogenation.112 Ma et al. discovered that the type of 
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metal doped into the catalyst determined its final carburized form, for example doping with Fe, 

Co, or Ni formed the common β-Mo2C species.67 In the case of Pt doping, α-Mo2C was formed 

along with β-Mo2C, and the amount of α phase increased with Pt doping amount. The Pt doped 

catalyst was especially active for steam reforming of methanol even at low temperatures as it had 

the highest surface area and longest catalyst lifetime as a result of the strong metal-support 

interactions of Pt with the Mo carbide. Nickel/Mg/Al catalysts were compared to Ni-Fe/Mg/Al 

catalysts for the steam reforming of biomass tar. The steam reforming of toluene and benzene over 

the alloyed Ni-Fe catalyst had higher turnover frequencies (TOFs) than the Ni catalyst, perhaps 

due to surface carbide stabilization on the Fe during hydrocarbon adsorption. In addition, carbon 

deposition on the catalyst was suppressed by Fe incorporation.113 

2.6 Conclusion 

 Catalysts employed in Fischer Tropsch synthesis, methane dehydroaromatization and 

biomass conversions are typically transition metal carbides that form in situ. Each of these 

chemical processes is a viable alternative to conventional petroleum derived fuel production and 

they are considered green chemistry routes. Many of the most efficient metal catalysts are abundant 

in nature and thus cost-efficient alternatives to precious metals. The catalyst species present after 

carburization depend on the metal oxide precursor and reaction conditions such as temperature and 

carburization gas, making the determination of the active phase difficult despite numerous studies. 

The incorporation of other metal dopants can lead to favorable reduction and carburization 

properties during catalysis. 
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CHAPTER 3  

SYNTHESIS OF HARD TEMPLATED MESOPOROUS CARBON MATERIALS: FROM 

LABORATORY TO LARGE SCALE 

Modified from a paper submitted to Industrial & Engineering Chemistry Research 

Megan M. Moyer, Malcolm Davidson, Nolan C. Kovach, Noemie Leick, Thomas Gennett, and 

Brian G. Trewyn. 

3.1 Abstract 

 A method for scaling up hard templated ordered mesoporous carbons (OMC) is presented 

here using common kitchen utensils and implements: a hand mixer and a cupcake tray. The 

resulting OMC material displayed a high surface area of over 1000 m2g-1, good graphitic 

properties, as well as thermal stability up to 520 °C. When compared to a typical small-scale 

preparation of the same OMC material, the physical properties were maintained. Additionally, the 

amount of time to synthesize the large batch was reduced from almost 1 hour to 7 minutes, with 

the stirring being completed by a mixer rather than by hand. This synthetic method enables reliable 

and scalable production of OMCs from silica templates. 

3.2 Introduction 

Ordered mesoporous carbons (OMCs) have recently gained much interest due to their 

potential application as storage materials, electrochemical sensors, and supports for heterogeneous 

catalysis. Many different types of porous carbon have been employed as electrodes in 

supercapacitors;1-2 however, typical non-templated carbons, such as activated carbon, have large 

pore size distributions, leading to relatively poor capacitance compared to their high surface areas. 
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OMC type materials have the benefit of both controlled pore sizes as well as the ability to be 

synthesized to contain mesopores (2-50 nm) to facilitate ion diffusion and micropores (<2 nm) 

which are necessary for high energy storage. These carbons can also be applied as electrodes for 

Li ion batteries as they are lightweight, chemically and mechanically stable, and have favorable 

electrochemical properties.3 In Li-S batteries the carbon helps prevent polysulfide dissolution into 

the electrolyte solution, which causes a decay in performance.4-5 Carbon support materials can be 

used in electrochemical sensing as they are easy to functionalize and tune,6 even making a suitable 

support for enzymes, which are highly selective sensors.7 As supports, OMCs contain defect sites 

which allow for a wide range of functionalization. Homogeneous catalysts can be immobilized on 

OMC to form heterogeneous catalysts that retain the catalytic properties of the original molecular 

catalyst but with benefits such as ease of separation and improved recyclability.8 Further, OMC 

supported catalysts have been used in low temperature direct methane fuel cells, demonstrating 

drastically reduced operation temperatures due to the graphitic qualities of the support material.9  

 Ordered mesoporous carbons have been synthesized from a variety of mesoporous silica 

nanoparticle (MSN) templates including SBA-15, MCM-48, HMS, MSU, and MCF.10-13 However, 

developing a repeatable synthesis that results in highly ordered graphitic carbon nanoparticles was 

a challenge of earlier synthetic reports.14 Additionally, forming discrete OMC particles that have 

uniform size and shape is impossible unless the initial silica template also has uniform particles. 

Beginning the synthesis with particles that have uniform pores as well as uniform particle sizes 

may help with even distribution of the carbon precursor throughout the pores, whereas a template 

like SBA-15, which has long tube-like pores, may not achieve the same degree of homogeneity in 

carbon filling. A variety of carbon precursors have been employed for hard-templated OMC 

synthesis; sucrose, ethylene, and furfural alcohol are common examples that lead to imperfect sp2 
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hydbridized carbon structures.8 Less common defect sites in the form of sp3 carbon atoms provide 

a handle for attachment of functional groups leading to OMC supported catalysts. A universal 

synthesis route for functionalizing OMCs has previously been developed and reported8, but is 

mentioned here in brief. The strong base n-butyllithium is added to a dry sample of OMC in a dry 

ice and acetone bath. The n-butyllithium deprotonates the C-H groups of the defect sp3 sites 

forming C-Li bonds.15 These lithium groups are highly reactive and can be coupled with, for 

example, brominated or chlorinated ligands to add functional groups to the surface without having 

to generate additional functional groups or extra atom linkers. The originally developed synthesis 

route led to a JACS publication on low temperature methane fuel cells.9 

Despite the many advantages of OMCs, their use is not yet widespread due to issues with 

scaling up the synthetic process. Though scale-up strategies for producing single walled carbon 

nanotubes,16 porous carbon films,17 and mesoporous carbon fibers4 have been developed, these 

lack the precise definition that can be achieved only through hard templating OMCs.11, 14 Hard 

templating consists of filling the pores of mesoporous silica nanoparticles (MSN) with a carbon 

precursor, cross-linking and carbonizing the precursor, and removing the silica template via an 

etching procedure. The MSN structure creates a highly defined OMC that is a negative of the silica 

template. Further, multiple carbon impregnation steps can be performed to ensure a final OMC 

material that is highly ordered, graphitic, homogeneous, and reproducible.8 One of the main 

challenges to scaling up hard templated OMC production is uniform addition of the carbon 

precursor and consistent thermal management of the sample during partial carbonizations. To 

ensure the final material is well-ordered, the pores of the MSN must be completely filled with 

carbon before etching away the template, which requires multiple low temperature heating steps, 

or partial carbonizations, where the precursors are thoroughly mixed in with the template, usually 
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by hand. As a follow up to the 2014 OMC paper from our group, reported here is a scaled-up 

synthesis of hard templated OMC utilizing a standard 3-speed hand mixer to replicate the motion 

of stirring by hand and a metallic cupcake tray to facilitate good heat transfer to the sample during 

initial heating steps. These simple baking utensils save time, are inexpensive, and reduce the cost 

of labor in producing hard templated carbons. The resulting material has excellent physical 

properties even when scaled 750% compared to traditional small-batch OMC. 

3.3 Materials and Methods 

3.3.1 Materials.  

 All chemicals were acquired from Sigma-Aldrich and used without further purification. 

Pluronic P104 (PEO27PPO61PEO27) was received as a gift from BASF. All H2O was Millipore 

water (18.2 Mohm). A commercial three-speed hand mixer and automated sample orbital shaker 

plate, Pyrex® bowl and commercial aluminum cupcake tray were used to facilitate the scale-up 

process. 

3.3.2 Synthesis of MSN-10.  

 The silica template was synthesized as previously reported.18 In an Erlenmeyer flask with 

a stir bar, 7.0 g P104 and 224.4 mL 1.6 M HCl were added. This was stirred at 55 °C for 1 hour to 

dissolve the surfactant and bring the mixture to reaction temperature. Then, 10.64 g tetramethyl 

orthosilicate (TMOS) was added quickly dropwise over a period of 3 minutes. The solution was 

stirred for 24 hours at 55 °C and then was transferred to a Teflon-lined Parr reactor for 

hydrothermal treatment: 24 hours at 150 °C. The resulting gel was vacuum filtered and washed 

with copious amounts of methanol until the solid powder was bright white, and was dried in air 

overnight. The final MSN-10 was obtained by calcination at 550 °C in air for 6 hours. 
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3.3.3 Synthesis of Small-Scale OMC.8  

 1.0 g of MSN-10 (pore volume 1.3 cm3g-1), 1.31 g sucrose, 2 drops (from Pasteur pipet) 

H2SO4, and 7 mL H2O were vigorously hand-stirred with a metal spatula in a ceramic boat for 7 

minutes until a smooth mixture was achieved. This was heated in air in a forced convection oven 

at 100 °C for 6 hours, followed by 160 °C for 6 hours. The carbon-silica mixture was powdered 

with a mortar and pestle before the second addition of 0.84 g sucrose, 2 drops H2SO4, and 7 mL 

H2O, followed by the heating steps. Two more additions were performed in the same way, only 

varying the amount of sucrose (0.13 then 0.22 g). The resulting carbon-MSN was carbonized under 

N2 at 900 °C for 6 hours (10 °C min-1 ramp). To remove the silica template, the sample was placed 

in a 50 mL plastic centrifuge tube and etched with 35 mL 10 wt% HF overnight. The sample was 

centrifuged, supernatant removed, and washed 5x with H2O followed by 1x with ethanol, and the 

OMC was dried under vacuum overnight. 

3.3.4 Synthesis of Large-Scale OMC.  

 The proportions of MSN, sucrose, H2SO4, and H2O were used exactly as above (small-

scale synthesis), but in 7.5x amount. For each of the four carbon precursor additions, MSN-10, 

sucrose, H2SO4, and H2O were placed in a glass Pyrex mixing bowl. A silicone spatula was used 

to quickly homogenize the mixture. The mixing bowl was placed on a shaker plate to ensure the 

mixer reached all areas of the bowl, and a hand mixer was affixed to a ring stand with the beaters 

touching the bottom of the mixing bowl. Everything was stirred together on medium speed for 7 

minutes, then was poured out evenly into 5 wells of an aluminum cupcake tray and heated in air 

at 100 °C for 6 hours followed by the partial carbonization step at 160 °C for 6 hours. This process 

was repeated 4 times, varying the sucrose addition as specified in the small-scale synthesis. To 

fully carbonize the sample, the carbon-MSN powder was separated into two quartz boats and 
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carbonized under N2 at 900 °C as above. HF etching was conducted in the same way as with the 

small batch. 

3.3.5 Characterization.  

 Nitrogen sorption was performed on a Micromeritics Tristar 3020 after degassing the 

sample at 40 °C under N2 for 6 hours. Thermogravimetric analysis (TGA) of the sample took place 

under N2 by ramping to 800 °C at 10 °C min-1 on a TA Q500 instrument with a platinum pan. 

Raman was measured on a WiTec Alpha300 laser confocal microscope equipped with a Raman 

spectrometer. The OMCs powder samples were imaged using the FEI Tecnai ST 30 transmission 

electron microscope (TEM) operated at 300 kV. Low-Angle (LA) XRD was conducted on an 

Empyrean Panalytical Diffractometer operating in transmission mode. All 2θ scans were obtained 

in transmission mode with a scan rate of 0.5 sec dwell time using a Gallipix 2D detector paired 

with Bragg-Brentano HD optics. Samples were prepared between Mylar films and rotated at 1 

rps.  to optimize signal homogeneity. 

3.4 Results and Discussion 

 The focus of this discussion is the comparison of the scaled-up carbon to the traditionally 

prepared small batch, with additional data presented from the original synthesis of OMC to 

demonstrate the repeatability of the synthetic method. The properties of the large batch OMC were 

compared to the traditionally prepared small batch OMC as summarized in Table 3.1. Each OMC 

sample was templated with different batches of MSN-10, which could account for the difference 

in surface area while D/G Raman ratios and thermal stabilities are comparable. 
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Table 3.1. Material properties of OMCs 

 

Material Surface Areaa 

(m2g-1) 

Pore Volumea 

(cm3g-1) 

Raman 

D/G ratiob 

Thermal 

Stabilityc (°C) 

Original OMC8 912 1.20 1.00 n.d. 
Small-Scale 

OMC 
939 1.15 1.01 530 

Large-Scale 
OMC 

1046 1.44 1.03 520 

aSurface area (BET) and pore volume (BJH) determined by nitrogen sorption. bRatio of disordered 
(D) to graphitic (G) character determined by Raman spectroscopy. cThermal stability determined 
under N2 by TGA at the point of slope change (n.d.=not determined for blank OMC). 
 

This synthetic method produced discrete, uniform OMC particles (Figure 3.1) with large surface 

areas and a high degree of graphitization, uncommon features for many OMC synthesis methods 

without resorting to extreme temperatures or more complex carbon precursors.14 Additionally, the 

OMC particles retain the original morphology of the MSN-10 template. In the small batch 

synthesis, only 1 g of material can be synthesized at a time and this amount requires vigorous hand 

stirring for 7 minutes; a 7.5 g batch would require almost 1 hour of stirring.  Therefore, to scale up 

the original synthesis, a mechanized procedure to emulate hand stirring of the sucrose, MSN-10, 

sulfuric acid mixture needed to be developed. By way of a commercial kitchen mixer and 

motorized sample table we were able to eliminate the hour of hand stirring each day used to 

produce a 7.5 g batch of OMC; this can conceivably be scaled up to much larger batches with no 

degradation in material properties. Regardless of batch size, the stirring step is 7 minutes long and 

is done with the mixer, thus saving on time and effort. In addition to emulation of hand stirring, 

the scale-up of OMC is sensitive to the thermal transport properties of the larger batch itself. 

Previously, an entire 7.5 g batch would be transferred to an appropriately sized ceramic crucible 

and heated as a whole. The added mass of carbon likely leads to non-uniform heating, explaining 
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the deleterious structure of the resulting OMC (Figure 3.2). By using a commercial cupcake pan 

for the partial carbonization steps, we are able to facilitate similar heat transfer to that of the smaller 

more conventional OMC batch while still allowing for large batches to be processed and produced.  

 

 

E F 

Figure 3.1. TEM images of small-scale (A, B) and large-scale (C, D) OMC displayed hexagonal 
particle morphology (A, C) and well-ordered pores (B, D). SEM images8 of the MSN-10 source 
(E) and the OMC product templated from the same MSN (F). 
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 As shown in Table 3.1, the properties of the large batch OMC are similar to that of the 

small batch OMC. Both materials had high surface area, with the difference being less than 10%; 

this difference may be attributed to the starting MSN-10 materials, which were produced from 

different batches. When comparing traditional synthesis to a scaled-up synthesis done by hand 

(non-uniform heating), a decrease in surface area was observed (Figure 3.2), even when utilizing 

the same MSN template source material. Therefore, the scaled-up batch resulting in higher surface 

Figure 3.2. Nitrogen sorption isotherms for small-scale OMC and large-scale OMC prepared 
by hand (non-uniform heating OMC). 
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area demonstrates that material properties can be maintained or enhanced with this method. 

Additionally, the pore volume of the large-scale batch OMC material was the highest for any 

material prepared (Table 3.2). The BET isotherms and pore size distributions in Figure 3 show 

that both small-scale and large-scale OMCs have typical type IV isotherms and mesopores 

averaging 5.2 nm for the small batch and 6.1 nm for the large batch. Low Angle (LA) XRD analysis 

gave compelling evidence to confirm the structural properties of the large batch OMC relative to 

the small batch OMC and MSN-10 precursor. LA-XRD data showed features with d(100) spacing 

of 10.5 nm for the MSN template and 9.0 nm and 8.2 nm for the large batch and small batch 

OMC’s, respectively (Figure 3.3). The MSN diffraction pattern yielded a tall, sharp peak, which 

indicates a large degree of pore ordering for (100) plane of the hexagonal pore arrangement. While 

both OMC batches show diminished signal intensity at low angle compared to the template, which 

is a common consequence of imperfect transfer of the template structure, the large batch OMC 

curve exhibits a more prominent signal intensity, suggesting superior pore ordering compared to 

the small batch material.19 Also, the location of the large batch peak at a lower 2θ confirms a larger 

d(100) spacing, which is implies the large batch OMC possess larger average pores. This inference 

is supported by the greater surface area and pore volume determined through N2 adsorption.  

 

Table 3.2. Material properties determined by nitrogen sorption for small-scale and large-scale 
OMCs. 
 

Material Surface area (m2g-1) Pore volume (cm3g-1) Pore size (nm) 
Small-scale OMC 939 1.15 5.2 
Large-scale OMC 

(non-uniform 
heating) 

1024 0.96 3.6 

Large-scale OMC 1046 1.44 6.1 
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 The graphitic character of the material can be determined by Raman spectroscopy by The  

Figure 3.3. Left. Nitrogen sorption BET isotherms and BJH pore size distribution (inset) for 
small-scale (dotted line) and large-scale (solid line) OMC. Right. Low Angle XRD of small 
and large-scale OMC and the MSN-10 source material. 

Figure 3.4. Left. Raman spectroscopy of OMC denoting disordered (D) and graphitic (G) 
bands. Right. TGA under nitrogen gas with heat flow. 
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The graphitic character of the material can be determined by comparing the ratio of the intensity 

of the D (disordered) band at 1330 cm-1 to the G (graphitic) band at 1600 cm-1.20 If this ratio is 

close to 1, then the OMC has a high degree of graphitization, which was observed here without a 

significant difference in this ratio between the small and large batch (Figure 3.4), suggesting that 

the electrochemical properties of the OMC are maintained in the scale-up process. Further, the 

large batch OMC was thermally stable up to 520 ˚C compared to 530 ˚C for the small batch, an 

insignificant difference, demonstrating good thermal stability for the OMC materials. After HF 

digestion, less than 0.5 wt% silica remained in the final OMC structure (Figure 3.5); therefore, 

the scale-up of the HF digestion did not negatively impact the final composition of the OMC 

material. 

Figure 3.5. TGA analysis of large-scale OMC run under air to determine the amount of silica 
remaining in the final OMC material. 
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Overall, the large batch synthesis of OMC produced hexagonal particles with regular and 

defined pores as shown in TEM (Figure 3.1), nitrogen sorption, and LA-XRD (Figure 3) with little 

variance from the traditional small batch preparation method. Further, these materials show good 

graphitic character and thermal stability (Figure 3.4), enabling their use in a myriad of 

applications, notably low temperature fuel cells.9 Remarkably, these physical characteristics are 

the result of utilizing simple kitchen tools to replace tedious synthesis steps conducted by hand 

resulting in excellent hard templated OMCs at a much larger scale. 

3.5 Conclusion 

 For the first time, to the best of our knowledge, we have demonstrated a large-scale batch 

synthesis of hard templated OMC utilizing simple commercial kitchen equipment including a 

motorized hand mixer and an aluminum cupcake tray resulting in uniform particles with high 

surface area, a high degree of graphitization, and good thermal stability, matching closely the 

properties observed in small-scale syntheses. When compared to a traditional small batch synthesis 

not only are the physical properties of the OMC comparable, but the automation and ease of the 

material preparation has implications for large-scale production of OMCs. The physical properties 

of OMCs make them desirable for use in applications such as fuel cells, batteries, and chemical 

sensors, and this scale-up method can help move these devices from bench top to home use. 

Acknowledgements: SEM images and characterization data for the original synthesis of OMC 

(2014) performed by Madhura Joglekar. Inspiration for scale-up method from Malcolm Davidson. 

XRD measurements courtesy of Nolan Kovach. Inspiration for scale-up method from Malcolm 
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CHAPTER 4  

A SUPPORTED PALLADIUM/GOLD TANDEM CATALYST FOR THE DIRECT 

OXIDATIVE ESTERIFICATION OF ALLYL ALCOHOL 

4.1 Abstract 

 The direct oxidative esterification of alcohols has been of interest due to its importance for 

the production of monomers that have applications in many different syntheses with industrial 

relevance. In particular, the esterification of allyl alcohol to form ally acrylate and allyl 

methacrylate is targeted as these monomers possess significant value. Polymers containing allyl 

acrylate are used in dyes, adhesives, paints, textiles, polyolefins, and quaternary ammonium salts, 

and their demand continues to increase with time. The typical synthetic environments for forming 

this ester from allyl alcohol are harsh: strong base activation at high temperatures for extended 

time, and additional reaction with strong acid catalysts. These routes require stoichiometric or 

excess amounts of toxic and high cost reagents; often necessitating separate reactions to form 

intermediate species and subsequently the final ester product. More recently, gold nanoparticles 

on various supports have emerged as promising green catalytic alternatives for direct oxidative 

esterification of alcohols. These heterogeneous catalysts allow for molecular oxygen to be used as 

an oxidant, lower reaction temperatures, and milder base addition. Though gold displays high 

selectivity for the formation of the ester, activity tends to remain below desired levels unless 

temperature or oxygen pressure are increased. Palladium has also been examined for these 

reactions as it is highly active for alcohol oxidation, even at low temperatures. Despite this 

improvement, palladium catalysts suffer from low selectivity, which is compensated for by 
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increasing reaction time. In this work, palladium and gold are supported on mesoporous silica 

nanoparticles (MSNs) for use as a tandem catalyst for the direct oxidative esterification of allyl 

alcohol. Tandem heterogeneous catalysts, or two distinct catalytic sites present on a single catalyst, 

have been of much interest recently; they reduce waste, limit reaction steps, and efficiently perform 

multi-step reactions within a single system. While Au@MSN and Pd@MSN are able to convert 

only 22 and 72% of allyl alcohol respectively, the tandem Pd/Au@MSN catalyst demonstrates 

complete conversion. Additionally, the tandem catalyst yields 40% more allyl acrylate than the Pd 

catalyst, exemplifying the benefits of incorporating both catalysts in a single system.  

4.2 Introduction 

 Synthesizing esters directly from alcohols has been a challenge for organic chemistry since 

the early 1940s.1-2 In particular, allyl acrylate ester has been targeted due to its importance as a 

precursor molecule for many industrial applications such as coatings, paints, and flame-retardant 

textiles.3-4 Additionally, allyl acrylate and methacrylate have been used in the polymerization of 

quaternary ammonium salts employed in waste-water treatment, in the polymerization of thiol-

acrylate systems where they are active enough as a monomer so as to not require the addition of a 

photoinitiator to the polymer, and as a coating for stents to function in drug delivery.5-7 Most 

synthetic methods, however, are performed in methanol, thus yielding the methacrylate product.8 

Typical preparations of these methyl esters employ harsh conditions; strong acids such as sulfuric, 

sulfonic, and phosphoric acid are required, and the production of these esters from their 

corresponding alcohol is a two-step process. In traditional methods, the carboxylic acid is reacted 

with methanol while utilizing an alkoxide to yield the methyl ester.4, 8 The direct oxidation of allyl 

alcohol to form allyl acrylate without the use of harsh acids or alkoxides is therefore high desirable, 

and more recently has been a focus of green chemical syntheses.8-10 One promising innovation is 
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the use of supported gold nanoparticle catalysts for the direct oxidative esterification of alcohols.8, 

11 Corma and coworkers investigated gold supported on cerium oxide for alcohol oxidation to form 

aldehydes and ketones. They found that they could achieve very high turnover frequencies (TOF) 

for the conversion of 1-phenylethanol into acetophenone at 160 °C under atmospheric pressure of 

oxygen.12 Preparation of esters from alcohols reacted with methanol has been investigated for a 

variety of metal catalysts. Maki et al. employed N-heterocyclic carbenes and manganese(IV) oxide 

catalysts in a one pot system to synthesize esters from alcohols. Their strategy of combining both 

catalysts into one reaction system allowed for efficient synthesis at ambient temperatures.13 A 

copper catalyst, Cu(ClO4)2•6H2O, was shown to oxidize aromatic and aliphatic aldehydes to esters 

with simple alcohols. Despite the benefits of using a non-precious metal catalyst, the reactions 

required elevated temperatures and tert-hydroperoxide as the oxidant.14  

 More recently, benzylic and allylic alcohols were reacted with methanol in the presence of 

gold salt (NAuCl4) using oxygen or air as the oxidant to form the corresponding esters. They found 

that the gold salt formed a supported complex in situ with the added K2CO3 base, making a 

heterogeneous catalyst.15 The advantage of heterogeneous catalysts is that they are easily recycled 

and the supports often have high surface areas allowing excellent access to the nanoparticle active 

sites and often a reduction in the amount of metal required for the catalysis.16-17 There is always a 

drive to reduce the amount of catalyst used as they tend to be cost prohibitive, particularly 

precious-metal catalysts. In addition to catalyst considerations, an ideal system for the oxidative 

esterification of alcohol would be at low temperatures, ambient pressures, and in one-pot to reduce 

waste created by subsequent reactions. To that end, supported gold nanoparticles have emerged as 

the most promising catalysts for these reactions. However, methanol is often incorporated with the 

allyl alcohol, resulting in allyl methacrylate formation. A more unique product is allyl acrylate, 
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which requires the oxidative intermediate, acrolein, to interact with allyl alcohol. Another 

challenge for this reaction is that gold is an efficient catalyst for the conversion of acrolein and 

allyl alcohol to form allyl acrylate, but is slow to perform the first oxidation from alcohol to 

aldehyde.8 In order to overcome this rate-limiting step, high temperatures, harsh oxidants, and 

strong bases are often added to the reaction.4, 18  

 One innovation that has gathered attention recently is the synthesis and use of tandem 

catalysts. These catalysts contain at least two active sites or two different metals for use in a single 

reaction system. By incorporating a second catalyst alongside the gold nanoparticles, the 

limitations of the first oxidation step can be overcome. Copper19 and palladium20-21 have been 

identified as metals that efficiently catalyze the conversion of alcohols to aldehydes, though 

typically as single-site catalysts. Recently, this strategy of incorporating a second catalyst was 

shown to be effective for oxidative esterification of benzyl alcohol with a tandem Pd-Au catalyst 

supported on mesoporous silica nanoparticles (MSN).22 The tandem system greatly outperformed 

either Pd or Au catalysts by themselves due to each specializing in one step of the reaction. In this 

paper, we report a tandem Pd-Au/MSN catalyst for the oxidative esterification of allyl alcohol 

without the addition of solvent or methanol, at low temperatures, with low catalyst loadings, and 

using molecular oxygen as an environmentally friendly oxidant. This two-metal catalyst system 

enables direct oxidative esterification of a historically synthetically difficult product. 

4.3. Materials and Methods 

4.3.1 Materials.  

 All materials were used without further purification. Allyl alcohol, tetramethylorthosilicate 

(TMOS), palladium acetate, ethylenediamine, gold chloride trihydrate, potassium carbonate, 

toluene, sucrose, polydopamine-HCl, and TRIS-HCl were purchased from Sigma Aldrich. 
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Common solvents (ethanol, methanol) were ACS grade. P104 surfactant was obtained from BASF. 

Millipore water was filtered at 18.2 MOhms.  

4.3.2 MSN-10 Synthesis.  

 MSN-10 was prepared as previously reported;23 3.5 g P104 was dissolved in 112.2 mL 1.6 

M HCl in a 250 mL Erlenmeyer flask for 1 hour at 56 °C while stirring. Then, 5.2 mL 

tetramethylorthosilicate (TMOS) was added dropwise over 5 minutes. The flask was lightly 

covered with aluminum foil and allowed to stir at 56 °C for 24 hours. The mixture was then 

transferred to a Teflon-lined Parr reactor and placed in an oven at 150 °C for 24 hours. The gel 

product was filtered, washed with Nanopure water and copious amounts of methanol, and air dried 

at room temperature overnight. To remove the surfactant, the dried product was placed in a muffle 

furnace and heated in air to 550 °C at 10 °C/min for 6 hours.  

4.3.3 Au(en)2Cl3 synthesis.  

 Ethylenediamine substituted gold chloride was synthesized as reported elsewhere;24 1 g of 

HAuCl4•3H2O was dissolved in 10 mL Nanopure water in a small Erlenmeyer flask. After 

dissolving, 0.45 mL ethylenediamine was added. The mixture was stirred for 30 minutes at room 

temperature, and subsequently 70 mL of ethanol was added and the mixture immediately became 

cloudy. The solid was filtered, washing with ethanol. The resulting white powder was dried under 

vacuum overnight. 

4.3.4 Au/MSN synthesis.22, 24  

 In a beaker, 75 mg of Au(en)2Cl3 was added with 120 mL of Nanopure water. The pH of 

this solution was adjusted to 10 with 2 M NaOH. After, 1 g of MSN-10 was added, which acidified 

the solution. The pH was again adjusted with 2 M NaOH until it reached 9.5. The solution was 

stirred for 2 hours at room temperature and the solid was filtered and washed 3 times with 
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Nanopure water and 1 time with methanol. The powder was vacuum dried for 24 hours. To reduce 

the gold, the catalyst was placed in a quartz boat in a tube furnace. The tube was degassed with 

nitrogen for 15 minutes followed by the addition of a 10% hydrogen flow. The catalyst was 

reduced under hydrogen (balance nitrogen) for 3 hours at 250 °C (10 °C/min ramp rate). The 

resulting purple/red powder was stored for catalytic use and Pd addition. 

4.3.5 Pd-Au/MSN synthesis.22  

 The previously synthesized Au/MSN was first dried for 6 hours at 90 °C in an oven to 

remove any physisorbed water. After, the dried catalyst was placed in a round bottom flask with 

17.7 mg Pd(OAc)2 and 25 mL of toluene. This mixture was capped with a rubber septum, heated 

to 35 °C, and stirred for 3 hours. The catalyst was then filtered, washing 2 times with toluene and 

2 times with methanol. The powder was dried under vacuum for 24 hours. To produce the final 

catalyst, the solid was placed in a quartz boat and reduced using the same method as above: 3 hours 

at 250 °C under hydrogen. The final powder was brown/grey.  

4.3.6 Pd/MSN synthesis.22  

 The MSN was first dried for 6 hours at 90 °C in an oven. Then, 500 mg of the dried MSN 

was placed in a round bottom flask with 17.7 mg Pd(OAc)2 and 25 mL of toluene. The round 

bottom was capped with a rubber septum and the mixture was heated at 35 °C for 3 hours with 

stirring. The solid was then filtered, washing 2 times with toluene and 2 times with methanol. The 

powder was dried overnight under vacuum. The catalyst was reduced by the same method as 

above: 3 hours at 250 °C in a tube furnace under hydrogen. This grey powder was stored for future 

use. 
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4.3.7 Carbon-coated MSN synthesis (CC-Pd-Au/MSN).25  

 To carbon coat the material, 100 mg of the catalyst was placed in a 50 mL beaker with a 

stir bar with 10 mg sucrose and 5 mL of Nanopure water. This liquid mixture was left to stir 

overnight open to the air until the water evaporated. The solid was then transferred to a quartz boat 

and placed in a tube furnace. Carbonization took place under nitrogen gas and heating at 400 °C 

for 2 hours (5 °C/min ramp). 

4.3.8 PDA-coated MSN synthesis (PDA-Pd-Au/MSN).26  

 As an alternative way of carbon coating the catalyst, 100 mg of Pd-Au/MSN and 25 mg 

dopamine hydrochloride were placed in a plastic centrifuge tube with a stir bar and 25 mL 10 mM 

Tris buffer, pH 8.5. This mixture was stirred overnight at room temperature while covered to 

reduce exposure to light. To separate out the coated catalyst from polydopamine that did not form 

a coating, the black mixture was centrifuged at 3000 rpm for 5 minutes and the supernatant was 

decanted. The particles were washed 3x 25 mL Nanopure water. The coated catalyst was dried 

under vacuum overnight. 

4.3.9 Neat oxidative esterification of allyl alcohol.  

 In a 2-neck round bottom flask, 22 mg catalyst, 138 mg K2CO3, and 5 mL allyl alcohol 

were combined and sonicated together for 1 minute. The flask was connected to a condenser with 

a balloon fitted over the top and the mixture was purged with O2 gas 3 times and then the balloon 

was filled with O2 gas. The reaction was stirred at 60 °C for the allotted time (3, 6, or 24 hours). 

The final mixture was filtered over a frit filter, washing 3x 2 mL allyl alcohol. The filtrate was 

collected for GC analysis.  
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4.3.10 Oxidative esterification of allyl alcohol in hexadecane.  

 In a 2-neck round bottom flask, 10 mg catalyst, 69 mg K2CO3, 0.25 mL allyl alcohol, and 

2.25 mL hexadecane were combined and sonicated for 1 minute. As with the neat reaction, the 

flask was placed under a condenser sealed with a balloon, purged with O2 3 times and the balloon 

filled with O2 gas. The reaction was stirred at 60 °C for 6 hours after which the solid was filtered 

over a frit filter, washed 3x 1 mL hexadecane, and the filtrate collected for GC analysis. 

4.3.11 Instrumentation and characterization.  

 Nitrogen sorption analysis was performed at 77 K with a  Micromeritics Tristar surface 

area and porosity analyzer. The surface area was determined with Brunauer-Emmett-Teller (BET) 

and average pore size with Barrett-Joyner-Halenda (BJH) method. The powder x-ray diffraction 

of the catalysts was measured on an Empyrean x-ray diffractometer using Galipex w/ FASS and 

BBHD with 1/32 entrance slit (divergence) and 1/8 anti scatter slit with a 10 mm mas and 0.4 soller 

slit on the FASS at 16.8, rotating at 2 RPM scan using powder on 0 bg holder ~200 s dwell. The 

powder samples were imaged using the FEI Tecnai ST 30 transmission electron microscope (TEM) 

operated at 300 kV. SEM. Metal content of the various catalysts was measured by ICP-AES 

PerkinElmer Optima 8300 after dissolving the solid in HF and aqua regia and diluting with 5% 

HCl. 

4.4 Results and Discussion 

4.4.1 Material characterization.  

 The physical properties of the catalysts were determined by TEM, nitrogen sorption, ICP, 

and XRD. TEM analysis (Figure 4.1) of the MSN-10 support revealed hexagonal disc-like particle 

morphology with hexagonally ordered pores (11.5 ± 1.5 nm), which was in alignment with the 

pore size range from BJH desorption and adsorption (10-13 nm). 
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Figure 4.1. TEM images of MSN-10 (a, b), Au/MSN (c, d), Pd/MSN (e, f), and Pd-Au/MSN 
(g, h). 
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This general structure was maintained for each catalyst as evidenced by TEM and nitrogen 

sorption. With the addition of gold, nanoparticles were observed well-distributed throughout the 

MSN support. For Pd/MSN, particles were not visible in TEM, though elemental mapping (Figure 

4.2) shows a uniform distribution of palladium throughout the support. This suggests that the metal 

is incorporated not as nanoparticles, but as single-site or small atom clusters of palladium. In the 

tandem catalyst, Pd-Au/MSN, again only gold nanoparticles are observed with EDS confirming 

the presence of both metals. Gold nanoparticles were observed in the size range of 3-11 nm 

(average 6.4 nm); these particles could fit inside the pores of the MSN and are likely distributed 

both in the pores and on the surface of the support. Elemental mapping (Figure 4.2) shows clusters 

of Au, suggesting particle formation, while Pd is highly dispersed throughout the support.  

 

 

Figure 4.2. Elemental mapping of metal distribution on the silica support for Pd-Au/MSN. 
HAADF image at the top left is the source for each subsequent chemical map. 
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 Nitrogen sorption analysis further confirms that high surface area and large pore size is 

maintained throughout the addition of catalysts to the MSN support (Figure 4.3). Each catalyst 

has a surface area of approximately 400 m2g-1 and an average pore diameter of 13 nm, allowing 

access to the catalytically active sites of both Pd and Au metals on the MSN.  

 

 

A Type IV isotherm was obtained for each material, typical for mesoporous materials. The 

relatively vertical hysteresis loop at a high relative pressure suggests regular pore ordering with 

large sized pores.27-28 The pore size distribution for each material is centered at 13 nm with very 

little deviation after the addition of Au or Pd. The nitrogen sorption provides evidence that the 

Figure 4.3. Nitrogen sorption isotherms for each catalyst. Pore size distribution is displayed at 
the inset. 
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original MSN-10 structure does not undergo significant alteration during the addition of 

subsequent Au and Pd catalysts, which is expected as silica is both inert and chemically and 

thermally stable in most conditions. The pore structuring of the MSN was further analyzed with 

low angle (LA) X-ray diffraction (XRD) as shown in Figure 4. The most prominent peak at 0.88° 

2θ corresponds to the (100) peak, while the peaks at 1.45° and 1.8° correspond to the (110) and 

(200) peaks respectively.29-30 The Au/MSN sample has a decrease in relative intensity of these 

peaks due to the basic conditions of the synthesis, which partially etches the silica support over 

time. The higher degree ordering was observed for each as prepared sample, but only the (100) 

peak was apparent after the catalyst was used for 24 hours, meaning the highly ordered pores of 

the MSN show slight degradation at the reaction conditions. In the high angle XRD spectra (Figure 

4.4), peaks corresponding to gold nanoparticles were observed in each gold-containing catalyst.31  

 

 

Figure 4.4. Low angle XRD (left) and high angle XRD (right) for as prepared catalysts and the 
Pd-Au/MSN catalyst after 24 hours use in a neat allyl alcohol oxidative esterification reaction. 
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As with TEM, palladium is not apparent in XRD due to its small particle size and high dispersion 

throughout the samples. The noise in the high angle spectrum is due to a lowered intensity 

compared to the low angle spectrum. To determine the amount of metal in each catalyst sample, 

ICP-AES was run after dissolving the MSN supported catalysts in HF and aqua regia. It was 

determined that Au was loaded at approximately 3 wt% while Pd was loaded at 0.5 wt%. The 

differences in Au and Pd content are within the margin of error of the instrument and do not appear 

significant. A summary of all catalyst characterization is shown in Table 4.1. 

Table 4.1. Physical properties of MSN supported catalysts 

 

Material 

Surface 
area 

(m2g-1) 

Pore 
volume 
(cm3g-1) 

Pore 
size 
(nm) 

(100) 
(2 θ 

degrees) 
d100 
(nm) 

Au 
content 
(wt%) 

Pd 
content 
(wt%) 

MSN-10 401 1.29 13.1 0.89 9.9 - - 
Au/MSN 380 1.29 13.3 0.86 9.9 2.9 - 
Pd/MSN 390 1.26 13.2 0.88 10.0 - 0.3 

Pd-Au/MSN 375 1.25 13.2 0.88 10.0 3.3 0.6 
 

4.4.2 Allyl alcohol oxidative esterification.  

 To determine the yield of allyl acrylate from the direct oxidative esterification of allyl 

alcohol, a neat system (no additional solvent) was chosen to test the catalysts. First, the overall 

activity of the single metal and tandem catalysts was tested by running the reaction for 24 hours 

(Figure 4.5). This time scale was chosen due to difficulties in synthesizing allyl acrylate from allyl 

alcohol in previous literature sources. As shown, the Au/MSN had very little activity, which is 

expected due to the relatively low reaction temperature. Pd/MSN showed higher activity than the 

Au catalyst, but most promisingly the Pd-Au/MSN tandem catalyst outperformed either single 

metal catalyst. Shorter time scales were tested with the tandem catalyst where the effectiveness of 

the catalyst was determined based on a relative reaction rate (yield divided by time normalized to 
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the best performer). Though the yield of allyl acrylate is highest for the tandem catalyst run for 24 

hours, the catalyst performs best at the 6 hour time scale (Figure 4.5). Subsequent conversion, 

alternative reaction condition, and recyclability tests were run for 6 hours. Significantly, the 

tandem catalyst was found to produce more allyl acrylate than the Pd/MSN catalyst in ¼ of the 

time (6 hours vs. 24 hours). This shows promise for incorporating tandem catalysts into difficult 

reactions. 

 

 To calculate allyl alcohol conversion, a non-neat system was required. In order to get 

adequate separation in the GC to identify allyl alcohol, hexadecane was chosen as the solvent for 

the conversion reactions. When 10 mg of catalyst was employed in the 6 hour reaction, only the 

tandem Pd-Au/MSN achieved 100% conversion (Figure 4.6). The Au/MSN catalyst had low 

conversion while the Pd/MSN catalyst performed much better, as expected. It has been shown that 

Pd catalysts are efficient for the conversion of alcohol to aldehyde while Au suffers from low 

Figure 4.5. Yield of allyl acrylate in a neat system after different reaction times (right) and 
relative rate of production of allyl acrylate (right). All reactions were performed at 60 °C under 
O2 atmosphere. 
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conversions at this step, especially at lower reaction temperatures. Not only was the tandem 

catalyst able to convert all the allyl alcohol, but this Pd-Au/MSN catalyst functioned without the 

addition of the mild base, K2CO3, which has not been shown for this type of reaction before. 

Overall, these results support that a tandem catalyst with Pd to convert allyl alcohol to acrolein 

(the aldehyde intermediate) and Au to convert acrolein to allyl acrylate outperforms either metal 

catalyst acting alone. Further, this reaction can be achieved at mild conditions: 60 °C, atmospheric 

pressure of O2 as the oxidant, and without any base additive. 

 

 One of the issues with the wet impregnation synthesis of the Pd-Au/MSN catalyst is that 

the nanoparticles are not anchored in place either by chemical or physical means (such as 

incorporating the particles into the silica matrix). After a 24 hour reaction in allyl alcohol, the gold 

Figure 4.6. Conversion of allyl alcohol in hexadecane. Reactions were run for 6 hours at 60 °C 
under O2 atmosphere. 
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nanoparticles were observed to have migrated towards the ends of the pores of the MSN (Figure 

4.7) and leaching of the particles took place as evidenced by the slight drop in Au content from 3 

to 2.4 wt% as well as a purple/grey tint to the filtrate. One of the simplest ways to help prevent 

degradation of the catalyst is with a thin coating of carbon, which should enhance both the stability 

of the silica as well as the nanoparticles.25 To test the effect of carbon coating the Pd-Au/MSN 

catalyst, a sucrose sourced carbon coating25 and a polydopamine (PDA) polymer coating26 were 

applied to different catalyst samples and characterized. 

 

4.4.3 Carbon and polydopamine coated Pd/Au@MSN.  

 Shown in Figure 4.8 are the TEM and SEM images of carbon coated and PDA coated Pd-

Au/MSN. The general particle and pore morphologies of the original MSN source were maintained 

after the coating procedure and the gold nanoparticles did not appear to agglomerate or migrate to 

the end of the pores, even after the 400 °C heat treatment necessary in the carbon coating 

procedure.  

Figure 4.7. TEM images of Pd-Au/MSN after reaction in neat allyl alcohol for 24 hours. The 
MSN pore structure is shown in (a) and the gold nanoparticle agglomeration in (b). 
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The carbon coating procedure yielded a non-homogeneous distribution of carbon throughout the 

sample, with carbon located outside the main pore structure as seen in both TEM and SEM (Figure 

4.8). The PDA sample coating was much more homogeneous; this synthesis is unique in that it can 

be done at room temperature and in aqueous conditions. This simple coating may be a viable green 

alternative to higher temperature carbon coating syntheses. To further confirm the integrity of the 

original catalyst after coating, nitrogen sorption and XRD (Figure 4.9) were conducted. As 

expected, there was a slight decrease in overall surface area for the coated samples and no 

observable change in the LA or high angle XRD. This evidence suggests that the coating for each 

sample is thin enough not to block the pores and the synthesis routes do not negatively impact the 

MSN or the nanoparticle catalysts.  

Figure 4.8. TEM (a-e) and SEM (c, f) images of carbon coated Pd-Au/MSN (a-c) and PDA 
coated Pd-Au/MSN (d-f). 
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Figure 4.9. Nitrogen sorption BET isotherm with BJH pore size distribution (left), LA-XRD 
(middle), and high angle XRD (right) for as synthesized Pd-Au/MSN, carbon coated, and PDA 
coated catalysts. 

Figure 4.10. Allyl acrylate yield in a neat system with as prepared and carbon or PDA coated 
catalysts. Each reaction was run for 24 hours at 60 °C under O2 atmosphere. 
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 Future work with these catalysts includes comparing the recyclability of the as prepared 

Pd-Au/MSN with the carbon or PDA coated samples. Though the activity of the coated samples 

is expected to decline due to less access to catalytic active sites (Figure 4.10), the recyclability 

may be improved if the silica structure remains intact and the nanoparticles are more firmly 

anchored in place. Especially when working with precious metal catalysts, improving recyclability 

is a major concern; sacrificing some activity for better recyclability can often be more 

economically viable. 

4.5 Conclusion 

 Direct oxidative esterification of allyl alcohol was carried out by a tandem catalyst 

containing Pd and Au on a mesoporous silica support. This Pd-Au/MSN catalyst outperformed 

both Pd/MSN and Au/MSN single metal catalysts for the conversion of allyl alcohol as well as 

allyl acrylate yield. Typically, allyl acrylate is difficult to synthesize and requires high reaction 

temperatures, high pressures of O2 oxidant, and the addition of a base such as K2CO3 to facilitate 

the initial dehydrogenation of the alcohol. While Au has been identified as a green catalyst for this 

reaction, Au nanoparticles are more efficient at the second oxidation step converting the aldehyde 

to the final ester product. By incorporating a second catalyst to assist with the initial oxidation of 

the alcohol, improved conversions and yields were achieved. The reaction conditions were at mild 

temperature (60 °C), atmospheric pressure of O2 gas as a green oxidant, and without the need to 

add any base salt. Further, a carbon coating or polydopamine coating procedure were shown to 

retain the original structure of the Pd-Au/MSN catalyst while potentially lending additional 

stability to the nanoparticle catalysts, which could lead to improved recyclability. 
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CHAPTER 5  

CO-CONDENSATION OF FUNCTIONAL SILANES INTO MESOPOROUS SILICA 

NANOPARTICLES: MAINTAINING SILICA MORPHOLOGY AND  

IMMOBILIZING MOLECULAR OR BIO-CATALYSTS  

ON INORGANIC SUPPORTS 

5.1 Abstract 

 A series of organic-functionalized large-pore mesoporous silica nanoparticles (MSN-

10) were synthesized via the co-condensation method using a Pluronic 104 triblock copolymer as 

the pore forming surfactant in acidic conditions. We systematically investigated synthetic 

parameters, such as the pre-hydrolysis time for tetramethylorthosilicate (TMOS) and hydrothermal 

aging temperature, to obtain hexagonal shaped individual functionalized MSNs with large pore 

diameters ranging from 5 nm to 10 nm.  The pre-hydrolysis time was found to be crucial to control 

particle shape and morphology, whereas the temperature of the hydrothermal process affected the 

overall surface area and pore size of the material. These organic functionalized MSNs were applied 

as supports for molecular catalysts in the oxidation of norbornene and as chemical handles for the 

attachment of biomolecule catalysts. These immobilized catalysts demonstrated improved stability 

without losing native catalyst functionality. This investigation yielded a universal synthetic route 

for producing repeatable and reliable particle morphology of MSN-10 type silicas. 

5.2 Introduction 

 Mesoporous silica nanoparticles (MSN) have attracted interest since the initial discovery of 

MCM-41 type silica in the early 1990s.1-2 Soon after, SBA-15 type silicas were introduced which 
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exchanged the ionic surfactant templates for pluronic triblock copolymers made up of EOn-POn-

EOn structures.3 These materials have had lasting impact in the scientific literature due to unique 

and tunable structural properties such as high surface areas, tunable pore diameters, and 

availability of surface modification routes.4 Many early reports focused on pore expansion or pore 

morphology control; the original MCM-41 synthesis results in small pore diameters around 2 nm. 

By expanding the pores of MSN materials a larger variety of application routes open up.5-15 One 

lasting application of MSNs is their use in biocompatible systems such as drug carriers with 

controlled release.16-23 These supports have also been used for heterogeneous catalysis, especially 

owing to their high surface area, allowing excellent access to catalytic sites while providing 

stability, and also improving recyclability due to their ease of separation and subsequent reuse.24-

29 One advantage of SBA-15 type silicas is that they have larger pore sizes than MCM-41 silicas 

without having to use pore-swelling agents or alter the synthetic route.30 When applying MSN 

materials as carriers or delivery vehicles, a large pore size is necessary to encompass drug or bio-

molecules. Even in catalytic applications, a larger pore size can be advantageous for metal 

nanoparticles or bulky molecular catalysts.  

 A MSN material with very large pore diameters (>10 nm) has been synthesized and 

characterized by various members of the Trewyn group.31 This material, MSN-10, is related to 

SBA-15 type silica in that it is pluronic surfactant templated by P104 (PEO27PPO61PEO27) and has 

hexagonally arranged pores. A route for functionalizing MSN-10 is examined here that results in 

repeatable particle and pore morphology; a universal route for including organosilane functional 

groups in this newer class of MSN. Often MSNs are functionalized post-synthetically via a grafting 

method. In this route, the MSN is synthesized first, and often the surfactant material is removed 

by calcination. This high heat treatment (500-600 °C) removes many of the surface silanol groups, 
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which are necessary for the attachment of the functional silanes. Often grafting results in a high 

concentration of functional groups on the surface and near the pore openings of the MSN, but a 

general lack of functionality within the pores. This means the high surface area of the material, 

which mainly due to the internal pore surface, is not taken advantage of and with functionality 

grouped at the pore entrances, some pores can effectively be closed off after the addition of 

nanoparticles or larger catalysts.16, 32 Conversely, an in situ co-condensation route can be applied 

where the organosilanes are incorporated with the silica precursor and become part of the silica 

structure. The surfactant is removed via an acid or ethanol wash to preserve the organic groups, 

and their resulting distribution throughout the final MSN material is often much more 

homogeneous than with the grafting method.32  

 As MSN-10 is a relatively unexplored silica material, a universal route for co-condensing 

functional organosilanes needed to be developed, which is outlined in this paper. Pre-hydrolysis 

time of the tetramethylorthosilicate (TMOS) silica precursor as well as the hydrothermal treatment 

temperature were determined to be crucial aspects for retaining original MSN morphology and for 

synthesizing a high surface area material reliably and repeatably. While there are many potential 

applications of organic functionalized MSNs, their use as catalysts is the focus here. The organic 

silanes were chosen due to their use in catalytic reactions or as tethering sites for actual catalysts. 

The use of aminopropyl trimethoxysilane as a chemical handle for the attachment of biomolecules 

is also described.  

5.3 Materials and Methods 

5.3.1 Materials.  

 All chemicals were used as received without further purification. Most chemicals, including 

tetramethylorthosilicate (TMOS), 3-aminopropyltrimethoxysilane (APTMS), 4-(2-hydroxyethyl)-
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1-piperazineethanesulfonic acid (HEPES), divinyl sulfone (DVS), amino acids, yeast alcohol 

dehydrogenase (ADH), and bovine serum albumin (BSA) were obtained from Sigma-Aldrich. 

Other organic silanes were purchased from Gelest. Triblock copolymer pluronic P104 

(PEO27PPO61PEO27) was received as a gift from BASF. Common solvents were ACS grade, and 

all water used was Nanopure water (18.2 MOhm). The 3,8‐diamino‐6‐phenyl‐phenanthridine 

(DAPP) and di(2-pyridine)methanesulfonate (dpms)26 ligands were synthesized by Tristan Gray 

and the Gunnoe group at the University of Virginia. 

5.3.2 Synthesis of unfunctionalized MSN-10.  

 This synthesis was adapted from a previously published paper31. In an Erlenmeyer flask 

equipped with a stir bar, 7.0 g of P104 and 224.4 mL 1.6 M HCl were added and stirred together 

at 56 °C until the P104 dissolved completely. Then, 10.2 mL TMOS was added quickly dropwise 

over a period of 3 minutes. The lightly-covered mixture was stirred for 24 hours at 56 °C before 

being transferred to a Teflon-lined Parr reactor for thermal treatment at 150 °C for 24 hours. The 

gel was separated by vacuum filtration and washed with water and copious amounts of methanol. 

The final MSN-10 product was obtained by calcination of the solid in air at 550 °C for 6 hours. 

5.3.3 Synthesis of organosilane functionalized MSN-10.  

 As above, 7.0 g of P104 was dissolved in 224.4 mL of 1.6 M HCl at 56 °C for 1 hour. Once 

dissolved, 10.2 mL TMOS was added dropwise and allowed to pre-hydrolyze for x minutes where 

x = 0, 15, or 30, followed by quick (all at once) addition of the silane (12 mol% TMOS, excepting 

APTMS which was added at 5 mol%). The reaction mixture was stirred at 56 °C for 24 hours, then 

hydrothermally aged at 100 °C for 24 hours in a Parr reactor. The solid was isolated by vacuum 

filtration after washing with water and methanol. The final functionalized MSN-10 product was 

obtained after a 24 hour ethanol extraction (at reflux temperature) to remove the P104 surfactant. 
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5.3.4 Synthesis of thiol functionalized MSN-10 at different aging temperatures.  

 This material was synthesized exactly as in section 4.3.3, but with injection of the 

mercaptopropyl trimethoxysilane (MPTMS) 15 minutes after TMOS addition and with 

hydrothermal aging at 100 or 150 °C to examine the effect of hydrothermal treatment temperature. 

5.3.5 Attachment of bio-catalysts to amine functionalized MSN-10 (ADH-MSN).  

 A 50 mM HEPES buffer was prepared by dissolving 1.19 g HEPES in 80 mL Nanopure 

water. The pH of the buffer was adjusted to 9.5 with NaOH pellets and 2 M NaOH. The buffer 

was completed by adding 10% (v/v) acetone. To attach DVS, 1.0 g aminopropyl triethoxysilane 

(APTES, 5 mol% TMOS) MSN was added to a flask with 50 mL of the HEPES buffer and 

sonicated to homogenize the mixture for 1 minute. Then, 2.0 mL DVS was added all at once and 

the mixture was stirred at room temperature overnight. To isolate the DVS-APTES-MSN, the solid 

was filtered over a frit filter, washing 3x with water, 3x with ethanol, and 3x with acetone; the 

powder was dried under vacuum for 24 hours. To attach amino acids to the MSN, 1.25 mmol of 

the amino acid (l-lysine or β-alanine) were added to a flask with 200 mg DVS-APTES-MSN and 

20 mL HEPES buffer and sonicated together. This mixture was stirred for 12 hours before filtering, 

washing 3x with water, 1x with acetone, and 1x with water. The final catalyst was lyophilized to 

a powder. To attach ADH enzyme, 20 mg ADH was added to a flask with 250 mg DVS-APTES-

MSN with 50 mL HEPES buffer and 1.5 mg BSA. This mixture was gently stirred 18 hours at 

room temperature in light-free conditions. The final catalyst was obtained by centrifugation, 

washing 3x with a phosphate buffer (50 mM, pH 8.8), and was lyophilized and stored at -20 °C. 

5.3.6 Aldol condensation of n-butyraldehyde with amino acid MSNs.  

 In a small 10 mL teardrop flask with stir bar, 100 mg MSN catalyst, 4.86 mL 10 mM 

phosphate buffer (PBS) pH 7.4, and 0.14 mL n-butyraldehyde were stirred at 37 °C for 24 hours. 
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The supernatant was collected by centrifugation and the organic components were extracted with 

3x 1.5 mL dichloromethane. The organic layer was dried over anhydrous MgSO4 and rotovap’d 

for 10 minutes to obtain a small amount of product. This was analyzed by 1H NMR in chloroform-

d. 

5.3.7 Immobilized ADH activity.  

 In order to determine if ADH was still active after immobilization on the MSN support a 

standard Sigma Aldrich protocol33 was followed. First, assay solutions were prepared. A 50 mM 

sodium phosphate buffer was prepared by adding 8.92 g sodium pyrophosphate, tetrabasic, 

decahydrate to 400 mL Nanopure water and adjusting the pH to 8.8 with 9.5% (v/v) phosphoric 

acid. To prepare a 10 mM sodium phosphate buffer, 21.0 mL of a 0.2 M sodium phosphate dibasic 

solution was added to 4.0 mL of 0.2 M sodium phosphate monobasic. The final volume was 

brought to 500 mL with Nanopure water and the pH adjusted to 7.5 with 1 M NaOH or HCl. A 

fresh β-NAD solution was prepared at 15 mM, as well as an enzyme diluent solution that consisted 

of 1 mg/mL BSA in the 10 mM buffer. The native enzyme (free enzyme not immobilized on MSN) 

was prepared by diluting 0.050 mL of a 1 mg/mL ADH in 10 mM sodium phosphate buffer solution 

in the enzyme diluent solution to a total volume of 25.0 mL. The blank run was prepared by adding 

1.30 mL of 50 mM sodium phosphate buffer, 0.10 mL allyl alcohol, and 1.50 mL of 15 mM NAD 

solution to a vial. Immediately before running, 0.10 mL enzyme diluent was added, the vial was 

shaken twice, and then the liquid was poured into a quartz cuvette. Absorbance at 340 nm was 

monitored over 6 minutes, with a data point being taken every minute. The native enzyme activity 

was tested in the same way, except the 0.10 mL of enzyme diluent was replaced with 0.10 mL of 

diluted enzyme solution. The immobilized enzyme was tested by placing 5 mg of ADH-MSN in 

0.10 mL enzyme diluent. Then, the vial containing 1.30 mL buffer, 0.10 mL alcohol, and 1.50 mL 
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NAD was added to the vial with MSN, shaken for the allotted time (0, 3, or 6 minutes), and the 

liquid passed through a 0.2 µm filter into the quartz cuvette to get a single point A340 measurement. 

5.3.8 Materials characterization.  

 Nitrogen sorption analysis was performed at 77 K with a  Micromeritics Tristar surface area 

and porosity analyzer. The surface area was determined with Brunauer-Emmett-Teller (BET) and 

average pore size with Barrett-Joyner-Halenda (BJH) method. The powder x-ray diffraction of the 

catalysts was measured on an Empyrean x-ray diffractometer using Galipex w/ FASS and BBHD 

with 1/32 entrance slit (divergence) and 1/8 anti scatter slit with a 10 mm mas and 0.4 soller slit 

on the FASS at 16.8, rotating at 2 RPM scan using powder on 0 bg holder ~200 s dwell. The 

powder samples were imaged using the FEI Tecnai ST 30 transmission electron microscope (TEM) 

operated at 300 kV, and on a FEI Tecnai G2 F20 STEM working at 200kV. Thermogravimetric 

analysis (TGA) was run on a TA instruments Q500 to 800 °C at 10 °C/minute in air on a platinum 

pan. Scanning electron microscopy (SEM) images were taken on a Quanta 250 FEG Scanning 

Electron Microscope made by the FEI Company. Solid-state 13C-NMR spectra were taken under 

the following conditions: 14.1 T Varian NMR system with a 3.2 mm probe operated at 599.6 MHz 

for 1H and 150.8 MHz for 13C, respectively.  MAS rate nR = 20 kHz, nRF
H = 80 kHz during short 

pulse, CP (tangent) and SPINAL64 1H decoupling, nRF
C = 60 KHz, CP = 1.5 ms, RD = 1.5 s and 

NS = 20000.  The spectra are normalized for constant height for visual clarity. 29Si DPMAS spectra 

were obtained under the following conditions: 9.4 T Chemagnetics CMX Infinity system with a 5 

mm probe operated at 400.0 MHz for 1H and 79.5 MHz for 29Si, respectively. MAS rate nR = 10 

kHz, nRF
Si = 50 KHz, nRF

H = 40 KHz during short pulse and TPPM decoupling, NCPMG = 10, CPMG 

= 10 ms, RD = 300 s and NS = 296. The spectra are normalized for constant height for visual 

clarity. Liquid state NMR was conducted on a JEOL-ECA 500 operating at 500 MHz to obtain the 
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1H spectra. ADH activity was monitored by following the formation of NADH at 340 nm on a 

Beckmann coulter DU800 spectrometer. 

5.4 Results and Discussion 

5.4.1 Co-condensation of organoalkoxysilanes with MSN-10 

 The introduction of organic silanes into MSN is an important synthetic route for creating 

functional groups and handles for catalysts; inert silica makes an excellent support material for a 

variety of catalytic reactions. Typically, the silanes are attached either through a post-synthetic 

grafting route or an in situ co-condensation route. Often the co-condensation reaction is favorable 

because the distribution of functional groups throughout the silica material is far more 

homogeneous, with the silane being incorporated into the actual silica structure, therefore lining 

the pores as well as the surface.32 However, the incorporation of organic groups via co-

condensation can affect the particle and pore morphology of MSNs, changing the structure from 

the unfunctionalized silica which can affect catalysis if access to the active sites is altered.34 To 

determine the effect of synthetic parameters on end MSN morphology, changes to the pre-

hydrolysis time of the TMOS as well as hydrothermal treatment temperature were investigated for 

a variety of common organic silanes. Additionally, the incorporation of catalytically relevant 

ligands such as DAPP and di(2-pyridine)methanesulfonate (dpms)26 which can coordinate metal 

species such as PtII, was investigated. One of the most common silanes, aminopropyl/aminoethyl 

triethoxysilane, was used as the beginning handle for the attachment of bio-catalysts in the form 

of amino acids lysine and β-alanine as well as a functional enzyme, yeast alcohol dehydrogenase. 

This report focuses on the synthetic parameters and results of the co-condensation method with 

successful catalytic results being presented in brief. 
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 During MSN synthesis, the surfactant is first dissolved in an aqueous solution, which begins 

the formation of micelles and ordered micellular arrays that form the template for the silica.35 The 

silica precursor is then introduced and undergoes hydrolysis and condensation; MSN-10 uses a 

pluronic triblock copolymer surfactant and is acid catalyzed, therefore forming larger particles 

with thicker walls than a base catalyzed synthesis such as MCM-41.3 Co-condensation of a silane 

occurs near the addition of TMOS, and the pre-hydrolysis time was investigated across a variety 

of functional silanes. To investigate the effect of the pre-hydrolysis time (0, 15, or 30 minutes), 

the silane mercaptopropyl trimethoxysilane (MPTMS) was chosen at 12 mol% of the TMOS 

amount. As shown in Figure 5.1, the morphologies of the silica particles varied depending on 

when the silane was introduced to the silica synthesis. The original particle morphology for MSN-

10 is uniform and discrete hexagonal particles, as seen in Figure 1a. Often MSN-10 is compared 

to the more popular SBA-15 synthesis because it is templated by a triblock copolymer (P104 or 

P127 respectively). However, a drawback of SBA-15 is that the particles are non-uniform in shape 

and length, usually forming long tube-like particles. If a process is diffusion oriented, the at times 

multiple micron length pores can inhibit substrate transfer to the active sites. Conversely, MSN-

10 has dimensions that could allow for more uniform diffusion of the substrates (Figure 5.2). 

When the silane is added along with the TMOS (time point 0), the MSN-10 particles actually form 

in a morphology similar to SBA-15, as shown in figure 1b. At the 15-minute time point the 

hexagonal structures again become apparent (Figure 5.1c), but the particles are still connected 

instead of discrete. After 30 minutes pre-hydrolysis time the original hexagonal particle 

morphology is recovered (Figure 5.1d) similar to that of the unfunctionalized MSN-10. This 

evidence suggests that pre-hydrolysis time is a critical factor in the final MSN morphology, and 

supports the theory that hydrolysis of the silica precursor plays a role in formation of the micelles 
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along with the surfactant.4, 35-37 

 

 

(a) (b) 

(d) (c) 

Figure 5.1. SEM images of (a) unfunctionalized MSN-10 (scale bar = 3 μm), (b) MPTMS-
MSN-0 minutes (scale bar = 10 μm), (c) MPTMS-MSN-15 minutes (scale bar = 2 μm), and (d) 
MPTMS-MSN-30 minutes (scale bar = 3 μm). 
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 Next, the temperature of the hydrothermal aging treatment step was investigated with 

MPTMS-MSN-15 minute. The time of the hydrothermal treatment was maintained at 24 hours and 

the temperature at 100 or 150 °C. It was determined that higher surface area materials could be 

(a) 

(c) 

(b) 

(d) 

Figure 5.2. SEM (a, b) and TEM (c, d) images of SBA-15 (a, c) and MSN-10 (b, d) particles. 
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achieved at the lower hydrothermal treatment temperature without affecting the -SH functional 

group loading (Table 5.1). 

Table 5.1. Physical and chemical properties of MPTMS-MSN materials with different 
hydrothermal treatment temperatures 

 

Material 
Surface area 

(m2g-1)a 

Average pore 

diameter (nm)b 

-SH loading 

(mmol g-1)c 

MPTMS-MSN-
100 °C 

875 
4.6 1.2 

MPTMS-MSN-
150 °C 

576 
6.1 1.1 

aSpecific surface area calculated by BET method, bPore diameter calculated by BJH method, 
cLoading determined by 29Si solid state NMR and TGA. 

 

 A series of organic functionalized MSN-10 materials were prepared at a ratio of 12 mol% 

organosilane/TMOS excepting aminopropyl trimethoxysilane (APTMS) which was prepared at a 

5 mol% ratio. The amine groups of APTMS effectively raise the pH of the solution, quenching the 

acid catalyst and resulting in poor silica formation above the 5 mol% ratio. In general, a 30 minute 

pre-hydrolysis time and hydrothermal treatment at 100 °C were the selected parameters based on 

the MPTMS-MSN data. The first organosilanes examined were mercaptopropyl (MPTMS), 

aminopropyl (APTMS), cyanopropyl (CPTMS), and triethoxylsilylbutyraldehyde (ADTES). SEM 

images in Figure 5.3 show that the hexagonal particle morphology was maintained for each of 

these organosilanes at these reaction conditions, demonstrating a universal method for silane 

addition to MSN-10 type silica. 
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 This synthetic route was further examined with the DAPP ligand, which contains a 

coordination site between the phosphorous atoms for metal molecular catalyst incorporation (often 

PtII) as an example of a highly functional and desirable co-condensable ligand. As with the 

previous samples, the ligand was incorporated at 0, 15, and 30 minutes after pre-hydrolysis of the 

TMOS. Particle morphology was assessed with TEM imaging. The overall hexagonal morphology 

(a) (b) 

(d) (c) 

(e) 
Figure 5.3. SEM images of (a) MPTMS-MSN, (b) CPTMS-MSN, (c) APTMS-MSN, and (d) 
ADTES-MSN. All scale bars are 3 µm. 
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again appears to improve with increasing pre-hydrolysis time, though the internal pore structure is 

well-ordered in a hexagonal arrangement for each sample (Figure 5.4). The structural properties 

of the synthesized MSNs are summarized in Table 5.2. Each of the functionalized MSNs had 30 

minutes pre-hydrolysis time of TMOS and were hydrothermally treated at 100 °C.  Due to the 

lower amount of APTMS added during synthesis, the incorporation of the amine silane is lower 

than other samples. The loading of the DAPP ligand during the co-condensation process was the 

lowest of the synthesized materials, potentially due to the bulkiness of the ligand.  

 

Table 5.2. Structural properties of organic functionalized MSN-10 materials 

Material 
Surface area 

(m2g-1)a 

Pore volume 

(cm3g-1)b 

Average pore 

diameter (nm)b 

Organic group loading 

(mmol g-1)c 

MPTMS 782 0.69 5.3 1.4 

CPTMS 855 0.90 6.5 1.1 

APTMS 654 0.86 7.4 0.6 

ADTES 864 0.93 6.8 1.0 

DAPP 666 1.04 6.3 0.25 

aDetermined by BET method, bCalculated with BJH method, cDetermined from TGA weight 

loss 
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Figure 5.4. TEM images of DAPP-MSN-0 minutes (a, b), DAPP-MSN-15 minutes (c, d), and 
DAPP-MSN-30 minutes (e, f). Left scale bars are 500 nm and right scale bars are 100 nm. 
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5.4.2 Immobilized Pt molecular catalyst  

 In a paper published in ACS Catalysis utilizing a co-condensed organic functionalized 

MSN catalyst26, comparison of the molecular catalyst to the tethered catalyst was carried out at 

reaction conditions that would typically be unfavorable for the molecular catalyst alone. Even at 

higher temperatures (100 °C), the tethered Pt catalyst obtained very high turn overs (TOs – sum of 

all oxidized products detected by GC-MS) for the oxidation of norbornene (Figure 5.5). 

This supports the idea that tethered molecular catalysts are protected by the MSN support and that 

the co-condensation method is effective at attaching organic silanes throughout the MSN structure. 

The stability of the tethered catalyst was further examined at 80 °C for 18 hours. The norbornene 

Figure 5.5. Catalysis data for Pt(dpms) catalyst tethered to MSN (11
MSN

).  TOs for molecular 

catalysts ((dpms)Pt entries) and tethered catalysts (11
MSN

) entries at 100 °C (a). Performance 
of catalyst over an 18 hour period at 80 °C (b). The ligand that was co-condensed with the 

MSN (7
MSN

) and subsequent steps taken to add Pt to the ligand (c). The oxidation of norbornene 

reaction that was carried out with 11
MSN

 and monitored by GC-MS (d). 
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substrate was added at 0, 6, and 12 hours of the reaction to avoid consumption over time. As seen 

in figure 5, the catalyst does not suffer from deactivation; further, no Pt was detected in the 

supernatant of the reaction mixture at the end of the reaction time showing that immobilizing the 

Pt-complex did not leach.  

5.4.3 Biomolecule immobilization on co-condensed APTMS-MSN 

 Amine-functionalized silica allows for quite diverse applications including anchoring of 

gold nanoparticles,38 acting as a catalyst,39 and as a handle for immobilizing biomolecules.40 

Typical biomolecule immobilization is done through adsorption, electrostatic interaction, or 

tethering to protect the biocatalyst.41-42 One common tethering route is to start with an amine group 

on the silica support, such as APTMS-MSN, and to use a bio-friendly tether such as 

glutaraldehyde, which forms Schiff bases with amines.43 On the biomolecule, lysine residues can 

also form a Schiff base, effectively tethering the catalyst to the support. A drawback of this 

synthesis route is that Schiff base formation is an equilibrium reaction, and under some catalytic 

reaction environments these are reversible.44 An alternative linker is divinyl sulfone (DVS) which 

forms a Michaels type addition with amine groups under basic conditions.45 This linker was chosen 

to attach biomolecules to the surface and within the pores of the MSN materials (Scheme 5.1). In 

order to determine the effectiveness of the tethering system, two amino acids were chosen: l-lysine 

and β-alanine. Both are effective catalysts for aldol condensation of n-butyraldehyde. Further, the 

formation of butyraldehyde from glucose can be catalyzed by the bacteria Clostridium 

acetobutylicum46-47, making this an environmentally friendly synthetic pathway towards higher 

hydrocarbons. Though amino acids are cost effective alternatives to precious metal or synthetically 

difficult catalysts, they are toxic to bacteria. By housing the amino acid catalysts inside MSN, a 

bio-compatible support,48 a one-pot system involving bacteria and the catalysts could be achieved.  
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 The viability of the immobilized amino acids was tested for the aldol condensation of n-

butyraldehyde in aqueous solution at biological pH. It was expected that the Lys-MSN (lysine 

attached to APTMS-MSN) catalyst would be able to perform aldol condensation while Ala-MSN 

would not complete the reaction due to the necessary amine group having linked to the DVS, 

forming a secondary instead of a primary amine. As shown in Figure 5.6, immobilized lysine was 

able to form 2-ethylhexenal, the aldol condensation product, while Ala-MSN did not show any 

activity for this reaction. Though less product was observed for the immobilized Lys-MSN catalyst 

than for the native amino acid, the amount of catalyst was drastically less (1/25 scale), therefore 

any production of 2-ethylhexenal is promising for future biocompatible use of this catalyst. 

Scheme 5.1. Attachment of amino acids (or any biomolecule) to co-condensed APTMS-MSN 
via a divinylsulfone linker molecule. Though this is presented as attaching through the 
backbone amine, with lysine it is more likely that the R group amine forms the second DVS 
linkage. 
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 To test the effectiveness of the DVS linker for the immobilization of biomolecules, a more 

complex catalyst was chosen. Yeast alcohol dehydrogenase was tethered to APTMS-MSN via a 

DVS-lysine linkage as with the simple amino acids. Yeast ADH contains approximately 7 mol% 

lysine with some lysine residues being located at terminus chains making this tethering method an 

attractive option for immobilizing ADH.49 Immobilizing enzymes tends to help with stability in 

non-native reaction environments (higher temperatures, non-aqueous, mechanical stirring), thus 

expanding the potential applications of native enzymes as catalysts.50 In particular, enzymes are 

highly selective and could be used in reactions where enantiomeric selectivity is necessary, such 

as with pharmaceutical products.51 Loading of ADH onto APTMS-MSN via the DVS linker was 

Figure 5.6. 
1
H NMR spectra of n-butyraldehyde aldol condensation reaction product for native 

(non-immobilized) amino acids and immobilized amino acids (amino acid-MSN). The 
butyraldehyde starting reactant is marked with blue circles while the 2-ethylhexenal aldol 
condensation product is marked with red circles. Extraneous peaks are attributed to solvent as 
well as impurities from the extraction process. In the reaction, 125 mM native amino acids 
were used compared to only 5 mM of the immobilized catalysts. 
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monitored by nitrogen sorption as well as TGA. As shown in Figure 5.7, the surface area of the 

MSN is drastically lowered after the attachment of the enzyme (from 277 to 102 m2 g-1), most 

likely due to the large dimensions of the enzyme, which can fill or block off pore entrances. The 

lower starting surface area can be attributed to the extra APTMS that was added via the grafting 

method; organic groups account for 23 wt% of the material as determined by TGA. The final 

loading of the actual enzyme was 4.5 wt%. 

 

 The activity of the enzyme was tested after the tethering process and compared to the native 

non-immobilized enzyme (Figure 5.8). A decrease in activity was observed, but the immobilized 

enzyme outperformed the blank meaning some of the tethered enzyme remained in active form. 

Considering the possibility for a tethering site to be essential to enzyme function or to cause 

unfolding or denaturation, it was expected that the activity in the immobilized catalyst would be 

decreased. The benefits of the heterogeneous catalyst – ease of separation from reaction mixture, 

Figure 5.7. (Left) Nitrogen sorption BET isotherms with BJH pore size distribution inset for 
MSN (red) and ADH-MSN (blue). (Right) TGA weight loss of organic groups (red) and 
organic groups with ADH tethered (blue). 
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prevention of enzyme contamination in final product, and improved stability in non-ideal reaction 

environments, however, may outweigh the loss in activity. Future work on this project includes 

investigating the activity of the enzyme at higher reaction temperatures and in aqueous/organic 

mixtures as well as recyclability studies. Eventually, this could be used in a tandem process with 

an inorganic catalyst, such as gold nanoparticles, for two step reactions in one pot. Similar to the 

Pd/Au@MSN chapter, this ADH/Au@MSN catalyst could function in the oxidative esterification 

of allyl alcohol at very benign and environmentally friendly reaction conditions. 

 

 Co-condensation of organosilanes is a powerful technique to achieve homogeneous 

distribution of functional groups in MSN-10. Pre-hydrolysis time and hydrothermal treatment 

Figure 5.8. Absorbance at 340 nm over a 6 minute time period to monitor ADH activity in 
untethered and tethered catalysts. Three data points were obtained for the ADH-MSN due to 
inability to let the reaction run in the cuvette. 
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temperature determine the final morphology of the functionalized MSN particle. A variety of 

molecular and biocatalysts have been supported through these functional groups. 

5.5 Conclusion 

 Pluronic triblock copolymer P104 templated MSN-10 can be functionalized with 

organosilanes via an in situ co-condensation process resulting in homogeneous distribution of 

functional groups throughout the inorganic support. However, the pre-hydrolysis time of the silica 

precursor, TMOS, determines the final morphology of the particles. It was determined that when 

TMOS was allowed a pre-hydrolysis time of 30 minutes, the original discrete hexagonal particles 

of unfunctionalized MSN-10 could be recovered. Additionally, hydrothermal treatment at 100 °C 

as opposed to the tradition 150 °C resulted in higher overall surface area with reduced pore size 

dimensions for the organic functionalized silicas. This co-condensation method was applied to 

organosilanes that could tether PtII catalysts, and the resulting immobilized catalysts demonstrated 

improved turnovers compared to the molecular catalyst as well as were stable at higher 

temperatures and for prolonged times. Finally, amine groups co-condensed with MSN-10 were 

employed as a functional handle for attaching biomolecules through a divinylsulfone linker. 

Amino acid catalysts retained activity in the aldol condensation of n-butyraldehyde, and a more 

complex enzyme catalyst, alcohol dehydrogenase, was able to catalyze the transformation allyl 

alcohol to acrolein. Overall, a universal route to co-condensing organosilanes with MSN-10 type 

silica while retaining the support morphology has been presented. 
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CHAPTER 6  

GENERAL CONCLUSIONS 

 The work presented in this dissertation summarizes my work completed in the Trewyn 

group since joining in 2014 as a graduate student. The focus has been on porous support materials, 

ranging from zeolites to mesoporous silica to ordered mesoporous carbon. Each of these materials 

has significant application in catalysis. Zeolites are necessary components to processes like 

methane dehydroaromatization, with the acid sites working cooperatively with molybdenum 

carbide. Mesoporous silicas have long been applied as inert supports for molecular catalysts, 

nanocatalysts, and even biocatalysts. Ordered mesoporous carbons have recently garnered 

attention due to their interesting graphitic properties as well as their phsyical structure. Routes for 

synthesizing these materials and some of their applications have been highlighted within this work. 

 In chapter 2, the in situ formation of metal carbides, particularly molybdenum and iron 

carbide, were extensively reviewed. It was determined that the final carbide structure mainly 

depended on the starting metal oxide, the reduction of that oxide, the carburizing gas mixture, the 

temperature of carburization, and any additional promoter metals added to the catalyst. Many of 

these catalysts are supported on materials like zeolites or silica, and one particular focus of my 

own work with molybdenum carbide was looking at coking at the metal carbide and within the 

zeolite. Each of the processes examined (Fischer-Tropsch synthesis, methane 

dehydroaromatization, and biomass conversion) is viewed as an alternative or green route to 

producing fuels. Cost effective metals such as iron, molybdenum, and nickel further enhance the 

economic viability of these routes, and their carburization typically is achieved with the same 
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reaction gases needed for the chemical process. Incorporating metal promoters may be one the 

most promising routes for improving the metal carbide activity. 

 Chapter 3 outlined a new technique for scaling up the synthesis of ordered mesoporous 

carbon from mesoporous silica templates. I had previously worked to develop the synthesis of 

OMCs from MSN-10 type silica, and this work removed the time-consuming and limiting parts of 

the by-hand process. Simple and cheap kitchen tools were used to scale-up the carbon from 0.5 g 

to multiple grams. A hand mixer was used to replicate mixing with a metal spatula, and reduced 

the time of synthesis from almost 1 hour to 7 minutes. A cupcake tray facilitated good heat transfer, 

resulting in very high surface area OMCs with properties that closely mirrored a typical small 

batch synthesis. The final carbon had a surface area of over 1000 m2g-1, uniform pore size 

distribution, high degree of graphitization, and good thermal stability. This OMC material can be 

applied as a host for molecular catalysts, which can be tethered through the defect sites throughout 

the carbon. 

 Chapter 4 utilized large-pore mesoporous silica as a support for a tandem catalyst involving 

both gold and palladium. In the direct oxidative esterification of allyl alcohol to form allyl acrylate, 

gold nanoparticles have been used as a green alternative to harsher acid/base synthetic routes. 

However, gold suffers from low activity towards the initial oxidation of allyl alcohol. By 

incorporating palladium, and excellent oxidation catalyst, that initial barrier was lowered. The 

tandem Pd-Au/MSN catalyst outperformed the single metal catalyst, Pd/MSN, in ¼ of the time 

and was able to achieve 100% conversion at mild conditions: 60 °C, molecular oxygen atmosphere, 

and without the addition of any base. A carbon-coating method was developed with both sucrose 

and polydopamine to potentially improve the recyclability of these catalysts. 
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 Chapter 5 combined the systematic investigation of co-condensation of 

organoalkoxysilanes into MSN-10 with catalytic applications of these functionalized silicas. 

During synthesis, it was determined that the pre-hydrolysis time of the silica precursor, TMOS, 

directly influenced the final morphology of the particles. When TMOS was allowed to hydrolyze 

for 30 minutes before the addition of the silane, the unfunctionalized MSN-10 morphology was 

recovered. The hydrothermal treatment temperature was also found to influence the surface area 

of the silica, and lowering this temperature from 150 to 100 °C resulted in a higher surface area 

material. Ligands such as DAPP and dpms were coordinated with platinum for use in olefin 

epoxidation reactions, and were found to be much more stable than the molecular catalysts and 

had long lifetimes without deactivation. Amine functionalized silica was used as a handle for the 

attachment of biomolecules through a DVS linker with lysine/amine-containing groups. These 

immobilized biomolecules retained activity and can be used in biocompatible reactions or lend 

stability to large catalysts like enzymes. 
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