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ABSTRACT  

 

Selectivity, activity, and stability are the most crucial criteria for screening catalysts for 

catalytic reactions. Porous materials such as zeolites and metal-organic frameworks have been 

studied to understand the role of the microporous environment on reaction rates, and previous 

research has reported that the different sizes of microporous void environments enable selective 

uptake of molecules and modification of product selectivity, while the transition state leading to 

desired products was close to the void size. Therefore, we aim to explore a design strategy to 

create zeo-type catalysts with desired microstructures, and depending on the size of the 

microporous structure, these catalysts are able to control product selectivity for plenty of 

reactions.  

This work demonstrates a bottom-up synthesis method of tailoring the microporous SiO2 

void environments around the active sites on TiO2 catalysts, which controls product selectivity 

for aldol condensation catalysis. We showed that microporous SiO2 layers can prevent unwanted 

parallel esterification reactions by destabilizing the relevant transition state that leads to 

esterification products and suppressing unwanted sequential reactions that form bulkier products 

by imposing steric barriers. This work provides a methodological framework for controlling 

product selectivity via a bottom-up design strategy, which can be applied to other catalytic 

applications in a broader area. 
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CHAPTER 1 

INTRODUCTION 

 
Aldol condensation is a vital reaction to upgrade biomass-derived oxygenates by forming 

new C-C bonds while removing O-atoms as H2O. Although metal oxides, such as TiO2, are 

widely used due to their high reactivity, they often suffer from fast deactivation caused by the 

deposition of unsaturated products. A physical mixture of TiO2 with Cu/SiO2 catalysts prevents 

such ubiquitous deactivations by hydrogenating unsaturated products while allowing 

interconvertible use of either alkanals or alkanols as reactants. Yet, these TiO2-Cu bifunctional 

catalysts are limited to very low selectivity with major side reactions, including parallel 

esterification, forming esters, and sequential reactions, forming bulkier products. This work 

demonstrates that our catalyst design strategy restricts unwanted side reactions by inducing 

confinement effects via a bottom-up synthesis approach. Specifically, due to the difference in the 

size of the transition states that lead to desired and undesired products, confinements within 

microporous SiO2 layers (deposited on TiO2 catalysts) significantly improve product selectivity. 

The catalyst design strategy proposed in this work can be applied to a broad range of reactions, 

as long as there is a significant size difference in the transition states involved in desired and 

undesired reactions. 

1.1    Research Objectives and Questions  

The objective of this project was to demonstrate a catalyst design strategy to tailor 

microporous void environments around the active sites of the TiO2 surface via the bottom-up 

method and explore the effects of different synthesis conditions on the microporous structure. 

Catalytic performances for alkanols and ketones dimerization were tested to investigate the 

selectivity of aldol condensation over esterification within microporous structures. The following 

questions were developed to address the objectives of this research. 

1. How to optimize microporous void environments around the Ti-O active sites on the 

TiO2 surface using the bottom-up method? The bottom-up approach has been used to 

create microporous sieving layers on an oxide by grafting templates prior to atomic 

layer deposition of a second oxide. In most studies, the micropores of 1-2 nm were 

chosen due to the size of most templates, and the optimization of micropores whose 
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diameter is smaller than 1 nm is rarely studied. For this study, template molecules 

with various sizes and adsorption properties were tested to investigate the 

microporous SiO2 layers deposited around the active sites. The depth and grafting 

density of the microporous structure was modified by varying the cycle number of 

SiO2 deposition.  We hypothesized that the optimal porous structure with suitable 

porous size and grafting density would deliver the most promising catalytic 

performance for aldol condensation and esterification reactions. 

2. How does the microporous void environment around the active sites affect the 

selectivity of aldol condensation over esterification reaction? We hypothesized that 

the selectivity of desired reactions could be improved by stabilizing relevant 

intermediates and transition states (TSs) to lower activation barriers for desired 

reactions. In this study, we examine micropores structure with dimensions at around 1 

nm, providing additional stabilization of relevant TS for the C-C coupling leading to 

aldol condensation reaction, while destabilizing TS for the C-O coupling leading to 

esterification reaction, resulting in the improvement of selectivity of aldol 

condensation over esterification.  

1.2    Thesis Overview  

The background information in this study and a review of previous studies of metal 

oxides for condensation and esterification of ketones and alkanols and the synthesis methods 

used to tailor microporous structures around active sites are described in Chapter 2. The 

experimental procedures for catalysts preparation are present in Chapter 3, which begins with a 

synthesis process, followed by details of characterization procedures and the catalytic 

performance evaluation on the catalyst with and without microporous SiO2 layers. The results 

from testing and characterization are presented in Chapter 4, and the conclusions and outlooks of 

this work are discussed in Chapter 5. 
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CHAPTER 2 

BACKGROUND 

 

2.1    The Importance of Aldol Condensation for Biofuels 

Currently, fossil fuels such as petroleum and coal are the primary and most important 

energy source worldwide. The transportation sector, widely used in modern society, directly 

consumes more than 25% of the total energy source1. However, this nonrenewable energy source 

is facing a shortage problem with the reduction of fossil sources and the increasing energy 

demand caused by the rapid population growth. Due to the release of greenhouse gases (CO2, 

CH4, and NOx) and toxic pollutants during  the production and usage of fossil fuels, severe 

environmental and health concerns are increasingly alarmed2,3. Biofuels, which are clean and 

renewable, have been sought as an excellent alternative energy source. Biofuels are fuels 

produced from biomass like crops or directly generated through biological processes, including 

biomethanol, bioethanol, biodiesel, biogas, etc4. The US Energy Information Administration’s 

(EIA) Annual Energy Outlook 2020 pointed out that the consumption of biofuels will slowly 

increase, and ethanol will be the most significant product of all biofuels5. However, ethanol has 

many disadvantages as a fuel, such as low energy density(61% of gasoline biofuels), corrosive 

effects on the engine of vehicles, and solubility in water6. 

Compared with ethanol, alcohols such as n-butanol with a longer carbon chain have a 

much higher energy density. However, the most common bio-derived platform molecules have 

less than six carbon atoms, and it is challenging to directly selectively produce valuable 

chemicals with a carbon chain containing six and more carbon atoms from biomass7–9. Thus, 

catalytic conversion of shorter carbon chain alcohols to longer carbon chain alcohols is a 

potential method to promote biobased chemicals to fuels. A common synthetic method is the 

Guerbet reaction. The Guerbet reaction has been reported for more than a hundred years, and the 

widely accepted mechanism was first investigated by Veibel and Neilsen10, which consists of 

three steps: (1) dehydrogenation of an alcohol to form an aldehyde, (2) aldol condensation, and 

(3) hydrogenation of the unsaturated aldehyde to produce new alcohol with longer carbon chain, 

without a net loss of the hydrogen gas10,11. Aldol condensation, which provides the C-C 

formation route, is the most crucial step in the upgrading progress. Ethanol has the shortest 

carbon chain among alkanols, and it can be dehydrogenated to form acetaldehyde, which can 
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react with another acetaldehyde molecule to undergo aldol condensation to form acetaldol which 

is an unstable intermediate, following dehydration to form crotonaldehyde12. Crotonaldehyde can 

be hydrogenated to form butanol, and it can also react with ethanol molecules via the Meerwein–

Ponndorf–Verley (MPV) process to produce crotyl alcohol which can be dehydrated to form C4 

product 1,3-butadiene12,13.  The C4 products can further react with acetaldehyde to undergo aldol 

condensation to form C8 products. In addition to the aldol condensation pathway, the parallel 

esterification reaction also happens in the presence of both acetaldehyde and ethanol, resulting in 

the formation of ethyl acetate. The mechanism of esterification and aldol condensation has been 

studied on metal oxides such as TiO2 and ZrO2. It is found that the esterification products are 

proposed to form by the nucleophilic attack of ethanol or ethoxy-intermediates to carbonyl 

carbon in enolate or acetaldehyde intermediates14. Wang et al.15 investigated the kinetic study of 

the aldol condensation and esterification of alkanols and alkanals using TiO2-Cu bifunctional 

catalysts, and their results showed that the enolate formation from alkanal reactants on Ti-O site 

pairs was relevant to both aldol condensation and esterification turnover rates. The enolate 

species formed on TiO2 surface can react either with alkanals that bound on Ti sites to form α,β-

unsaturated carbonyl compounds through C-C coupling, or react with alkanols bounded on Ti 

sites to form hemiacetal intermediates which can be dehydrogenated to produce esters through 

C-O coupling, suggesting esterification reaction can affect the rate of aldol condensation since 

the two reactions compete for reactive species and active sites; they also reported that the 

selectivity of esterification/condensation was determined by the differences in free energies 

between enolate-alkanal (C-C coupling) and enolate-alkanol (C-O coupling) transition states15,16. 

There is a large number of research on aldol condensation of acetone since it is one of the 

most basic and common reactions to study aldol condensation. Acetone is an important chemical 

since it is a platform for manufacturing more valuable products17, and the productivity of acetone 

is ensured since acetone is the coproduct with phenol from the oxidation of cumene which is 

formed through the benzene alkylation with propene18. Besides, acetone also has several 

bioprocesses to be produced that use renewable source such as biomass, such as the acetone-

butanol-ethanol fermentation processes and biomass fast pyrolysis from bio-oil17,19. Because of 

the simple structure of acetone molecules, self-aldol condensation of acetone is an important 

alternative to produce value-added chemicals such as isobutene, diacetone alcohol, mesityl 

oxide, phorones, isophorones, and mesitylene, which are traditionally manufactured from fossil 
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fuels, resulting in more renewable green routine to form these products17,18. Due to the self-

condensation and cross-condensation of acetone, the acetone aldol condensation could yield a 

large number of products, and they could be difficult to separate due to similar boiling points, 

and C6 products are easy to undergo further reactions to form C9 and even bulkier products 20. 

Therefore, catalysts with specific functions are needed to increase the selectivity of one or 

several certain desired products. Propanal is a structural isomer of acetone, and it can undergo 

self-condensation and cross condensation. The secondary products from the esterification 

between propanal and 1-propanol occurs when the catalyst has the dehydrogenation and 

hydrogenation function, resulting in the challenge to study the mechanism and kinetical of the 

system.   

2.2    Challenge of Conventional Catalysts  

A wide range of catalysts have been studied for the Guerbet coupling reaction, and the 

catalyst requires two main features: (1) acidity and basicity, (2) ability to dehydrogenate the 

alcohol reactant21.  

Transition metal catalysts, which usually have high reactivity and selectivity, are good 

homogeneous catalysts for the production of n-butanol from ethanol via the Guerbet reaction. In 

2009, Koda22 et al. developed an iridium (Ir)-based catalyst that provided a direct and practical 

route to n-butanol from ethanol. They used [Ir(acac)(COD)] (acac: acetylacetonate, COD: 1,5-

cyclooctadiene), in the presence of a phosphine ligand, along with 1,7-octadiene and ethanol 

sodium ethoxide (EtONa) as additives to achieve an efficient conversion of ethanol as 41%, and 

51% selectivity to n-butanol. For the Ir catalyst system, Ir was participated in ethanol 

dehydrogenation and hydrogenation step to form n-butanol. At the same time, the strong 

inorganic base ligand such as EtONa was participated for the aldol condensation step. The 

products then undergo further aldol condensation and hydrogenation to give longer chain 

alcohols, such as n-hexanol and n-octanol. However, the catalytic activity and selectivity towards 

n-butanol still need further improvement23. Ruthenium (Ru) is another transition metal with good 

performance in the dehydrogenation and hydrogenation steps, making it a potential catalyst for 

the conversion to n-butanol from ethanol. Dowson23 et al. discovered a new Ru-based catalyst 

with bis(diphenylphosphanyl)methane ligand, upgrading ethanol to the advanced biofuel n-

butanol with 94% selectivity at over 20% conversion. Compared with the Ir-based catalyst, this 

Ru complexes catalyst showed extremely high selectivity, indicating that this Ru-based catalyst 
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can control the acetaldehyde aldol reaction thus the butanol products were obtained rather than 

undergoing further aldol coupling via the same Guerbet process to form higher carbon alcohols. 

However, the activity of Ru complexes catalysts decreased with time due to the decomposition 

of nanoparticulate metal in the reaction process.  

Regarding the disadvantages of homogeneous catalysts such as discontinuity of 

production and possible environmental pollution concerning the use of soluble bases and organic 

solvents, heterogeneous catalysts and processes are extensively explored for the aldol 

condensation of ethanol in recent years. 

For general alcohol coupling reactions, two crucial features of the catalysts are required. 

First, the alcohol coupling systems usually consist of basic materials such as alkali metal and 

hydroxide that can ensure the catalyst's acidity and basicity. For instance, heterogeneous 

catalysts commonly have a solid base, such as MgO, providing the acid and base sites. The 

second feature of a catalyst needed for alcohol coupling is the ability to facilitate 

dehydrogenation of the alcohol at the reaction temperature. Metals such as platinum, nickel, and 

copper are widely used dehydrogenating agents. Some solid oxides, such as ZrO2 and MgO, also 

can catalytical dehydrogenate alcohol at sufficiently high temperatures24. 

Solid catalysts madding from basic metal oxides have been extensively applied as 

catalysts in the conversion of ethanol to higher alcohols via the Guerbet reaction under the vapor 

phase (>300 °C) 25. Compared with other metal oxides, the MgO catalyst exhibits the highest 

reaction activity and selectivity to n-butanol, with up to 70%  selectivity when the ethanol 

conversion is low.26  To enhance the reactivity and selectivity of MgO catalyst, mixtures of 

different metal oxides and the addition of noble metal have been widely studied. Ramasamy27 et 

al. investigated the ethanol conversion to n-butanol process on MgO–Al2O3 mixed oxide 

catalysts with different calcination temperatures, deriving from hydrotalcite 

(Mg6Al2(CO3)(OH)16·4H2O, HTC). They reported that the highest ethanol conversion of 44 % 

with n-butanol selectivity of 50 % was achieved for the hydrotalcite material calcined at 600 °C, 

while the ethanol to butanol reaction was performed at 300 °C. However, there is no direct 

correlation between the measured catalytic basicity and the catalyst activity to the ethanol 

condensation reaction to form 1-butanol, according to the catalyst activity testing27. Jordison28 et 

al. studied the ethanol conversion to higher alcohols(C4+) via condensation pathways over 

Ni/La2O3/γ-Al2O3 (8 wt % Ni, 9 wt % La) mixed oxide system. The yields of total higher alcohol 
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reached 38% with 85% selectivity of total higher alcohol products at 230 °C, while the 

maximum selectivity to n-butanol achieved 51%. Compared to the performance of lanthanum-

free Ni/Al2O3 catalyst, which achieved 26% higher alcohol yield and 45% n-butanol selectivity, 

they believed that the increase in selectivity on the Ni/La2O3/γ-Al2O3 catalyst was because of the 

appropriate balance of metal, acid, and base sites after the addition of La2O3 catalyst, which 

attribute to facilitate the multistep Guerbet mechanism. 

Kozlowski 29 et al. studied the effect of adding a various amount of Na to ZrO2 catalyst 

on the catalytic conversion of ethanol. They found that the addition of 1.0 wt% Na to ZrO2 

decreased the rate of ethanol dehydration, resulting in the improvement of the overall selectivity 

of ethanol to butanol, even though the addition of Na did not increase the rate of ethanol 

coupling.  Riittonen30 et al. studied the direct catalytic valorization of ethanol to n-butanol over 

different Al2O3 supported catalysts with Ru, Rh Ni, Pd, Pt, Ag, Au at 250 °C. They found that a 

Ni/Al2O3 catalyst (20.7 wt % Ni) was the most promising catalyst, which reached 80% 

selectivity to n-butanol at 25% ethanol conversion after 72 h. Yang and Meng31 investigated 

basic monometallic and bimetallic modified 13X zeolite catalysts for the ethanol upgrading to n-

butanol.31 They found that under 693 K, the bimetallic modified Rb-LiX-zeolite catalyst 

provided a good catalytic ethanol conversion with around 40% n-butanol selectivity. In contrast, 

over the monometallic modified zeolites, almost zero n-butanol productivity but 100% selectivity 

to gaseous light products were detected. The better performance of bimetallic modified zeolites 

suggested that bimetallic modified zeolite catalysts have stronger basicity, which required for the 

activation of the C-H bond in ethanol.  

Hydroxyapatite (HAP) catalysts, which exhibit both acidic and basic sites within their 

structures, have also been studied for alcohol dehydrogenation, hydrogen transfer and aldol 

condensation of aldehyde24,25,32. The ratio of acidic and basic sites can be varied with the change 

in the Ca/P ratio, and the number of acidic sites can be reduced by increasing the Ca/P ratio, 

resulting in the increase of n-butanol selectivity because it can improve the dehydrogenation of 

ethanol over the competing dehydration pathway to ethylene25. Tsuchida33 et al. investigated the 

conversion of ethanol to n-butanol using HAP catalysts with different Ca/P ratios, and they 

found that the highest n-butanol selectivity of 76.3% was achieved on the HAP catalyst with a 

Ca/P ratio of 1.64 while the ethanol conversion is around 23%.  Ogo34 et al. also studied the 

catalytic performance of strontium hydroxyapatite in which the Ca is replaced by Sr for the 
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ethanol conversion. They investigated four substituted HAP catalysts, namely Sr10(PO4)6(OH)2 

(Sr-P), Ca10(PO4)6(OH)2 (Ca-P), Sr10(VO4)6(OH)2 (Sr-V) and Ca10(VO4)6(OH)2 (Ca-V). Their 

results showed that the Sr-P catalyst reached higher selectivity to n-butanol than that of Ca-P 

catalyst at any ethanol conversion between 1% and 24%. At the same time, substantial side 

products such as ethylene were the main product over Sr-V and Ca-V catalysts. By replacing Ca 

ions with Sr ions, Sr-P catalyst attained more basic sites, resulting to the higher selectivity of the 

acetaldehyde aldol condensation to form crotonaldehyde. More specifically, the Sr-P catalyst 

achieved a maximum 86.4% selectivity to n-butanol by increasing the Sr/P ratio to 1.70 at 11% 

ethanol conversion.35 

In general, even though a high selectivity to n-butanol (larger than 90%) can be achieved 

with ruthenium or iridium complexes catalysts, the application of homogeneous catalysts is still 

limited on the industrial scale, due to the discontinuity of the reaction process and potential 

environmental pollution regarding the use of soluble bases and organic solvents23. 

Heterogeneous systems have many technical advantages, particularly in the industry, including 

low cost, good catalyst stability, and applicability to continuous processes. However, for the 

ethanol upgrading to n-butanol reaction, heterogeneous catalysts such as oxides (e.g., MgO, 

ZrO2, TiO2), mixed oxides, zeolites, and hydroxyapatite, are still challenged by poor selectivity 

and/or conversion, due to the wide range of byproducts typically forming, like ethyl acetate, 

ethylene, higher alcohols, higher ketones (C6+), and aromatics. 

Metal oxides are promising catalysts for Guerbet reaction, and they especially catalyze 

the aldol condensation process36–38, and TiO2 has been a commonly studied catalyst for C-C 

bond formation. Young39 et al. compared the aldol condensation of acetaldehyde over anatase 

titania (TiO2), hydroxyapatite (HAP), and magnesia (MgO), and found out that TiO2 has highest 

initial rate but suffers from fast deactivation. Zhang40 et al. reported that the adsorption of 

aldehyde or the desorption of products is the rate determining steps without ethanol reactant in 

the ethanol upgrading progress. In most studies, alcohol molecule can react with an aldehyde to 

form a C-O bond through esterification reaction, while the desired alcohol with a longer carbon 

chain can be reactant to undergo sequential reaction to produce larger alkanols and ketones, so 

the selectivity of desired products is always poor due to these two main side reactions41,42. 

Besides, strongly bonded species that accumulate on the TiO2 surface during the reaction 

progress rapidly deactivate the catalyst, and catalyst activity and product selectivity decrease 
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dramtically43. Wang15 et al. reported the kinetics of condensation and esterification reactions of 

C3 alkanals, ketones, and alkanols on TiO2. They also demonstrated that adding Cu/SiO2 function 

successfully prevented the deactivation of TiO2 catalyst. From previously reported researches, 

the selected systems for our investigation are dimerization of acetone and 1-propanol on TiO2 

catalyst mixed with Cu/SiO2.  

2.3    Confinement Effects within Micropores  

Over the last century, it has been found that there is a universal and reaction-independent 

relationship between activation energies and the stability of important intermediates in the 

reaction, which is widely used as a descriptor to find better catalysts for certain reactions44. 

Transition states (TSs) present unstable structures of chemical transformations between chemical 

structures of surface and products, corresponding to the highest activation energy45. Current 

design strategies for solid catalysts have primarily focused on optimizing the binding properties 

of catalysts to stabilize relevant intermediates and transition states via “through-surface 

interactions” and thus lower activation barriers for desired reactions as shown in Figure 2.1. 

 

        

Figure 2.1 Schematics of transition state (TS) stabilizations via “through-surface” and “through-

space” interactions 

 

Derouane46 reported the concept of the “confinement effect” in 1988 as the curvature of 

the catalyst surface consists of external pockets and internal pores, which can work as molecule 

sieves by selectively offering ways for molecules to the active sites. Various theoretical studies 

have also been done by Derouane and group members47,48. In these papers, the following 

equation was proposed for the van der Waals energy (W) of a spherical molecule with a specific 

van der Waals radius (d) confined in a micropore of a given radius (a): 

𝑊 =
−𝐶

4𝑑3(1 −
𝑠
2)
3
                                                                           (2.1) 
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Where s = d/a, which depends on the relative size of the confined molecule and the 

micropore, and C is a molecular constant given by 

𝐶 = (
ℎ

2𝜋
)∫ 𝛼(𝑖𝜔)𝑑𝜔

∝

0

                                                                       (2.2) 

The 𝛼(𝜔) is the dynamic scalar polarizability. As shown in Figure 2.2, the adsorption 

energy within the zeolite pore can be up to 8 times larger than that corresponding to a flat surface 

because of the van der Waals confinement factors. 

 

 

                                            
Figure 2.2 Variation of the van der Waals energy between a spherical molecule49 

 

Within micropores smaller than 2 nm, the confinement of active sites can prevent the 

diffusion of larger reactants and affect the selectivity due to the difference in diffusion rates for 

products with different sizes50,51. Gounder and Iglesia52 reported that the product selectivity 

could be influenced by the extra van der Waals stabilization of certain transition states among 

parallel pathways via the confinement with microporous voids. As the most common 

microporous materials, zeolites have been widely used for the study of confinement effects, 

because they can entrap molecules inside its channel systems and allow the adsorption and 

reaction of entrapped molecules to occur within the zeolite strucutre49. Cordon53 et al. studied the 

influence of confining environment size on the selectivity of D-glucose isomerization to L-

sorbose over D-fructose by using Lewis acidic Ti-Beta zeolites. They found out that within 

mesopores, the rate of glucose isomerization was undetectable, and the rate increased to a 

detectable value when the Ti sites were confined within 12-membered ring (MR) micropores 

whose diameter is around 0.7 nm but went down again when the confining void size decrease to 

10 MR which is 0.55 nm due to diffusion restrictions. Meanwhile, the selectivity of D-glucose 
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isomerization to L-sorbose over D-fructose increased remarkably within confining 10-MR 

secondary environments, suggesting that the tighter confinement in the Ti-Beta zeolites increased 

the severity of D-glucose isomerization to L-sorbose. Pfriem54 et al. investigated the effects of 

the ionic environment in enhancing the activity of reacting molecules in zeolite pores, and they 

reported that for the microporous zeolites with Brønsted acid sites by introducing framework 

aluminum, the limited volume in the microchannels of zeolite H-MFI led to a high concentration 

of hydrated hydronium ions at aluminum sites with the addition of water, indicating that tailoring 

molecular environment around active sites enhanced the catalytic reactivity through a hitherto 

unexplored pathway. Herrmann and Iglesia55 studied the acetone aldol condensation reactivity on 

a range of aluminosilicates with diverse void structures, and their results are shown in Figure 2.3. 

They reported that the reactivity of acetone aldol condensation increased to the highest point 

when the void size decreased from mesopores to the size of TS of C-C coupling of two acetone 

molecules and decreased sharply when the void size decreased even smaller than the desired TS 

size. They also compared the TS vdW stability of all the catalysts with the reactivity, and they 

found that the best fit of TS and void size showed the highest reactivity, indicating that rates 

reached the highest spot when voids and transition states optimize van der Waals contacts. 

 

                          

Figure 2.3 The reactivity of acetone aldol condensation as a function of confining void size (left), 

and the acetone aldol condensation reactivity as a function of transition state vdW stability55 

 

However, zeolites suffer from fast deactivation due to irreversible adsorption and the 

blockage of secondary products56. Zeolite cannot perform all the reactions that containing larger 
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molecules due to the strong diffusion limits57. More recently, the interactions between organic 

molecules and inorganic void environments have gained increasing attention. When the diameter 

of molecules approaches 1 nm, it is challenging to improve selectivity since the molecules are 

usually too large for common zeolites but too small for mesoporous catalysts57. In this case, 

some studies have investigated the dispersed metal oxides grafted on mesoporous silica and 

oxides incorporated into zeotype structures58,59. Canlas57 et al. reported a novel method to create 

microporous materials by depositing thin sieving layers containing nanocavities on the surfaces 

of larger catalyst particles, in which designed templates were grafted on the metal oxides 

surfaces followed by atomic layer deposition (ALD). 

 ALD was originally developed to accomplish thin film deposition on electroluminescent 

(TFEL) flat panel displays and has been studied and improved for more than 30 years to meet the 

requirements of the semiconductor industry. Nowadays, it is the most important and widely used 

deposition method because it enables the deposition of films with high material quality, good 

uniformity, high conformality, and accurate thickness control. Currently, the conventional 

techniques to synthesize heterogeneous catalysts such as impregnation, ion exchange, and 

precipitation have been found to have a disadvantage as poor uniformity of particle size and 

composition, which results in nonuniformity of active sites. To address this shortcoming, ALD 

has also emerged as an innovative synthetic method to design and synthesize solid catalysts with 

a near-atomic precision in recent years60,61. Most ALD processes employ a binary sequence of 

self-limited surface reactions. The self-limited reaction depended on precursors, co-reactants, 

and surface properties. Firstly, the precursor adsorbs at the substrate surface, following by the 

reaction between co-reactant and the precursor. Ultimately, the deposition can be controlled by 

modifying the precursors, co-reactants, or functionalizing the surface. Meanwhile the thickness 

control at a sub-monolayer level by varying the number of ALD cycles60,62. To date, more than 

1000 ALD processes have been developed, covering most elements in the periodic table in the 

forms of metals, oxides, nitrides, and sulfids60. The advance in ALD processes has brought the 

capability of designing and engineering 3D structures at a molecular scale.63,64 Notestein et al. 

reported an approach to form Ti complexes on the surface of TiO2 catalyst, using Calix[4]arenes 

and thiacalix[4]arenes65, which is similar to the novel method mentioned above. For this study, 

we adapted the proposed mentioned approach to modify our catalyst to improve the designed 

selectivity to desired products. 
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CHAPTER 3 

EXPERIMENTAL METHODS 

3.1    Catalyst synthesis  

The synthesis of catalyst contains three steps: preparation of microporous SiO2 layers on 

TiO2 catalyst, preparation of Cu/SiO2 catalyst, and physical mixture of the two catalysts.  

The procedure of synthesizing microporous SiO2-covered TiO2 catalyst is shown in 

scheme 2, consisting of template grafting, deposition of SiO2 layers, and removal of templates. 

Microporous SiO2 layers were created on anatase TiO2 catalyst by grafting template molecules 

prior to the deposition of SiO2, and the templates were removed via ozone treatment after the 

deposition process. Two methods have been proposed to graft the templates on the TiO2 surface. 

The first method is direct synthesis in which the template molecules were dissolved in 50 mL 

anhydrous toluene, added to 2.0 g of TiO2, and refluxed at 338 K for 3 h. The second grafting 

method is a two-step synthesis. Firstly, solution A contained 2.0 g of TiO2 and 50 mL toluene 

and was stirred at 338 K for 0.5 h. In parallel, solution B was prepared by dissolved template 

molecules to 50 mL toluene, followed by stirring at 338 K until dissolved. Solution B was then 

added to solution A drop by drop while stirring for 3 h at 338K. The concentration of template 

molecules catechol was varied by changing the amount of catechol while keeping the same 

amount of TiO2 during the grafting step. All the grafted oxides were vacuum filtered and washed 

with toluene, then dried at 253 K for 24 h57.  

Template grafted TiO2 (2 g) was overcoated with SiO2 layers using base-catalyzed, 

sol−gel deposition of limiting amounts of tetraethyl orthosilicate (TEOS) 66. The TiO2 was 

dispersed in 39 mL of ethanol and 5.8 mL of NH4OH and then sonicated for 0.5 h. Afterward, 

0.09 mL of TEOS and 0.4 of NH4OH were added to the mixture and shaken on a gyratory plate 

for 1 h. This constitutes the first cycle of SiO2 layers. The thickness of SiO2 layers was 

controlled by varying the number of deposition cycles. After the deposition of SiO2, the materials 

were washed with 200 mL of ethanol and 200 mL of water and then vacuum-dried for 24 hours. 

The prepared samples were calcinated at 673 K for 3 h (ramping rate 0.0167 K/h) under static air 

at 100 sccm. 

Cu/SiO2 (20 wt.% Cu) was prepared using a homogeneous deposition–precipitation 

method15. 21.8 g of colloidal silica, 6.0 g of Cu(NO3)2·2.5H2O, and 4.7 g of urea were dissolved 
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in 100 mL deionized water, and the suspension pH was adjusted to 2-3 using an HNO3 solution 

(0.5 mmol/mL). This colloidal suspension was then heated to 363 K (at 0.167 K/s) and held for 

20 h while stirring. The powders were recovered by vacuum filtration and washed with deionized 

water until the filtrate pH was 7, treated in ambient stagnant air at 383 K for 20 h, and then 

heated in flowing static air to 723 K (at 0.167 K/s) and held for 5 h. These samples were treated 

in flowing 10% H2/He by heating to 573 K (at 0.033 K/s), held for 2 h, and passivated in flowing 

1% O2/He mixtures at ambient temperature for 1 h before exposure to ambient air. 

TiO2 and Cu/SiO2 physical mixtures were obtained by crushing and mixing the two 

catalysts with a mortar and pestle then pressed, crushed, and sieved to retain 180-250 um particles. 

 

 

Figure 3.1 Synthesis steps to prepare TiO2 catalysts with microporous SiO2 layers 

 

3.2     Characterizations  

Transmission electron microscopy (TEM) images were collected on a FEI TALOS 

F200X transmission electron microscope operated at 200 kV. Samples were prepared by 

dispersing the solids in ethanol, sonicating the solution, and letting a single drop of the samples 

air-dry onto a TEM grid. The microscope is also equipped with a Super-X windowless four-

quadrant silicon drift detector for STEM energy-dispersive X-ray (EDX) mapping and annual 

dark field detectors. 

BET areas were calculated from N2 physisorption experiments performed at 77 K in a 

relative pressure range from 0.05 to 0.35, using the Anton-Parr iQ3 instrument. The Micropore 

volumes and surface areas were separated out using the t-plot method and the non-local classical 

density functional theory (NLDFT) method, assuming a cylinder pore shape. 

The number of adsorbed template molecules was calculated by temperature programmed 

oxidation (TPO) along with static air from room temperature to 773K before and after SiO2 

deposition using a mass spectrometer (MS). Template molecules were oxidized into CO2 while 

ramping up the temperature. The removal of template molecules was quantified by the TPO test 

before and after the treatments of SiO2 covered template-TiO2. 
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The infrared spectroscopy (IR) data were recorded using a Thermo Nicolet instrument 

containing a CSi beam splitter and an MCT detector, which can collect 256 scans with a 2 cm-

1 resolution in the range of 4000-400 cm-1. Samples were pressed into self-supported round 

pellets and placed in a high-pressure cell with KBr windows to measure the accessible active 

sites by formic acid (HCOOH) adsorption. 

3.3    Reactor System 

The TiO2 catalysts with and without microporous SiO2 layers were mixed with Cu/SiO2, 

and then were pressed, crushed, and sieved to retain 125–250 μm aggregates. As shown in Figure 

3.2, the catalysts were placed as vertical fixed beds in a U-tube quartz reactor and heated using a 

resistive furnace (National Element). Temperatures were measured using a K-type thermocouple 

placed within a dimple at the reactor wall and set using an electronic temperature controller67. 

Mass flow controllers were used to supplying gaseous reactants and carrier gases. Reactants 

acetone and 1-propanol were evaporated into He streams using a liquid syringe pump. Catalysts 

were heated to reaction temperatures at 0.167 K s–1 in flowing H2/He prior to the introduction of 

reactant mixtures, and all the transfer lines were kept above 383 K to avoid condensation of 

reactants and products. 

An on-line gas chromatographer (GC) was used to measure the concentrations of 

reactants and products in the effluent. Oxygenates and hydrocarbons were detected by flame 

ionization after chromatographic separation in a methyl silicone capillary column (Agilent HP-1, 

50 m, 0.32 mm ID; 1.05 μm film); Chemical species were identified using known standards and 

speciation by mass spectrometry (MS) after chromatographic separations (HP 5972 GC/MS). 

Molecular weight was determined by the molecular ion peak in MS to estimate the molecular 

formula of a product. 
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Figure 3.2 The reactor system for catalytic performance tests 
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CHAPTER 4 

RESULTS AND DISCUSSIONS  

4.1    Controlled SiO2 Deposition on TiO2  

In this study, 2 cycles, 4 cycles, 6 cycles and 8 cycles of SiO2 layer were achieved by 

repeating a single deposition step to create different microporous catalysts. Transmission 

electron microscopy (TEM) and energy dispersive X-Ray (EDX) images were taken to observe 

the structure and components of the SiO2-coated TiO2 samples. 

From Figure 4.1, the TEM image shows a clear core-shell structure, and the EDX image 

confirms that the center of the catalyst is TiO2, and the deposition film is SiO2. The 2 cycles of 

SiO2 deposition on the TiO2 surface were undetectable, 4 cycles reached around 1.5 nm SiO2 

layers, 6 cycles of deposition showed 3.5 nm SiO2 layers, and 8 cycles of deposition showed 5 

nm SiO2 layers. The thickness of the SiO2 layers is a linear function of the number of deposition 

cycles. These results prove that this liquid phase sol-gel deposition method is able to form a 

uniform coating layer without any requirement for specialized equipment or air-sensitive 

reagents. 

 

    

   

 

 

 

 

 

 
 

4.2    Optimization of Template Molecules Grafting 

4.2.1 Challenges for Grafting Template Molecules 

The selection of template molecules is vital since there are several challenges for the 

synthesis. For instance, the template molecule must bind strongly on the TiO2 surface and remain 

unreactive during the SiO2 deposition to remain on the surface after the deposition. Temperature-

Figure 4.1 TEM(a) and EDX (b) image of anatase TiO2 after 8cycles of SiO2 deposition, and 

(c) the thickness of SiO2 layers as a function of the number of deposition cycles 

(a) (b) (c) 
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programmed oxidation (TPO) measurement has been used to test the properties of different 

template molecules. Firstly, the samples were treated with O2 flow at 40 sccm while the 

temperature increased from 293 to 673 K, and the template molecules bound to the surface were 

oxidated to CO2. The amount of template molecules was quantified by the amount of detected 

CO2 from the oxidation reaction to find the best template molecule for this work, adamantane 

carboxylic acid (ACA), 1,3-benzenediol (resorcinol), and 1,2-benzenediol (catechol) were tested. 

Typically, 1 cycle of SiO2 layer was deposited on the template grafted TiO2 surface, followed by 

TPO measurement. TPO data were collected before and after the deposition of the SiO2 layers. 

As shown in Figure 4.2, the loading of ACA on the TiO2 surface is 0.057 ACA molecules per 

nm2 of TiO2, and more than 94% of ACA molecules were removed after the deposition of SiO2 

layers. The loss of ACA could be caused by the side reaction between ACA and the NH4OH, 

which was used as a catalyst for SiO2 deposition. For resorcinol, the loading on the TiO2 is 0.041 

molecules per nm2 of TiO2, and only 25% of resorcinol remained on the surface after SiO2 

deposition. The reason could be the weak binding of resorcinol to the TiO2 surface, but 

additional efforts for both experiment and computational calculations are needed to confirm this 

phenomenon. The loading of catechol on the TiO2 surface reached 0.11 molecules per nm2 of 

TiO2, and more than 95% of the catechol molecules remained on the surface during the SiO2 

deposition. Therefore, we have identified catechol as a suitable template molecule for optimizing 

our technique.  

 

(b) (c) (a) 

Figure 4.2 TPO results of template grafted TiO2 (black) and after 1 cycle of SiO2 deposition, 

template molecule (a) ACA; (b) resorcinol; (c) catechol 
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4.2.2 Comparison Between Two Grafting Methods 

As mentioned, there are two proposed methods to graft templates on the TiO2 surface: (i) 

direct synthesis and (ii) two-step synthesis. As shown in Figure 4.3, the two grafting methods 

were used to investigate the influence on the density of catechol, which is the numbers of 

catechol molecules per nm2 of TiO2 surface area. The direct synthesis showed lower catechol 

density when the mass ratio of catechol and TiO2 was around 0.005 and 0.018. However, it 

showed a linear trend if the two synthesis methods were combined. Therefore, the catechol 

density is relatively determined by the ratio of catechol and TiO2 during the grafting process. 

Until now, it has been established that the grafting methods did not significantly affect the 

density of grafted template molecules. 

 

 

Figure 4.3 Catechol density after grafting with varying catechol concentration using direct 

synthesis method (black) and two step synthesis method (red) 
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Figure 4.4 TPO results of 8cSiO2-catechol-TiO2 (black) and after O3 treatment (red) 

 

4.2.3 Removal of Template Molecules 

To create a microporous structure on the surface of TiO2, the strongly bound template 

molecules were supposed to be completely removed after the prior grafting process. The two 

common methods to remove the template molecules are (i) the oxidation of the catechol 

molecules under oxygen (O2) flow at a temperature of 673K and (ii) ozone (O3) treatment at a 

low temperature of 100 K. The latter method is more beneficial due to the structural changes of 

the catalysts at the high-temperature oxidation procedure. As shown in Figure 4.4, about 94% of 

catechol molecules were removed by the O3 treatment, indicating that the O3 treatment is suitable 

for removing catechol molecules. 

4.3    Structure of the Microporous SiO2 Covered TiO2 

Once the TiO2 catalysts with microporous SiO2 sieving layer were synthesized, the pore 

size distribution of the material was quantified by the N2 physisorption. Autosorb iQ3 

instrument, which is equipped with a microporous analysis function, was used to observe the size 

of the micropores. The SiO2-coated pure TiO2 catalyst with O3 treatment was set as the reference 

to optimize the synthesis procedure. The t-plot method was used to characterize micropores' 

presence and the micropores' volume and area. Table 1 shows the micropore volume, micropore 

area, and external surface area of our catalysts. As shown in Table 1, both the O2 and O3 treated 

template grafted TiO2 catalyst with SiO2 coating layers showed the presence of micropores while 
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the bare TiO2 catalysts did not. The external surface area did not show a significant difference 

for all four samples. In comparison, the microporous surface area increased significantly for the 

two microporous samples, indicating that the formation of micropores improved the total surface 

area. 

 

 

Table 4.1 Pore volume and surface area summary through t-plot method 

Sample name 
Micropore volume 

(cc/g) 

Micropore area 

(m²/g) 

External surface area 

(m²/g) 

TiO2 0 0 30.8 

8cSiO2-TiO2 0 0 31.2 

O3-8cSiO2-Cat-TiO2 0.022 55.395 25.6 

O2-8cSiO2-Cat-TiO2 0.019 45.721 33.79 

 

 

 

Figure 4.5 Pore size distribution of O3 treated SiO2 on TiO2 (black), O3 treated SiO2 on catechol 

grafted TiO2 (red), O2 treated SiO2 on catechol grafted TiO2 (green) 
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Figure 4.6 IR results for HCOOH adsorption on TiO2 (blue) and SiO2 covered TiO2 (black dash) 

 
As shown in Figure 4.5, the SiO2 on TiO2 catalyst was a nonporous material; the SiO2 

coated on catechol grafted TiO2 catalyst with O3 treatment showed micropores at around 0.8 nm 

and 1.25 nm; the O2 treated SiO2 on catechol grafted TiO2 catalyst obtained micropores at 1.25 

nm, but micropores under 1 nm were limited. This result indicated that the catechol molecule 

plays a vital role in determining the pore diameter, while the influence of the template removal 

method is not significant.  

The accessibility of active Ti-O sites was investigated by infrared spectra. HCOOH 

molecules were used as a probing species on bare TiO2 catalysts and microporous SiO2/TiO2. As 

shown in Figure 4.6, the blue line indicated that the adsorption of HCOOH on bare TiO2 showed 

strong infrared bands at 1590 and 1360 cm-1, assigned to antisymmetric and symmetric 

vibrational modes of bidentate formats bound at two exposed Ti centers. While these bands were 

negligible on TiO2 samples covered by SiO2, suggesting that HCOOH only bonded to TiO2 

surfaces, and the SiO2 layers completely covered the TiO2 surfaces, so there were no accessible 

Ti-O pairs for this sample. Due to the difficulty of making pellets using micropores sample, the 

accessibility of active Ti-O has not been tested on the microporous sample. For the future plan of 

this project, the microporous sample will be mixed with KBr to make a better pellet for infrared 
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spectra, and we expected it to be in the middle of the black line and blue line since only partial 

Ti-O pairs are available compared with the bare TiO2 catalysts. 

4.4    Catalytic Rate Measurement   

Since the creation of micropores was confirmed, the catalytic performances were tested 

to analyze the effect of the microporous layers, compared with the anatase TiO2 catalyst. 

Previous research had studied the condensation and esterification of C3 alkanals, ketones, and 

alkanols15,68; therefore, acetone and 1-propanol were selected to test the effect of the 

microporous layers on reactivity and selectivity of aldol condensation over esterification. 

4.4.1 Acetone/Isopropanol Reactions 

Acetone only undergoes aldol condensation on TiO2 in the absence of isopropanol due to 

the instability of the esterification products, so the aldol condensation of acetone is an excellent 

reaction to investigate the effect of microporous SiO2 coated TiO2 catalyst on the prevention of 

sequential reaction15,55. The acetone aldol condensation was tested on pure TiO2, and O2 treated 

SiO2 on catechol grafted TiO2, which contains ~1.25 nm micropores, and the acetone aldol 

condensation reaction condition is 0.8 kPa acetone inlet, 40 kPa H2 with He as the carrier gas, 

and reactor temperature is 543 K.  

 

 

Figure 4.7 Reaction network of aldol condensation and esterification for acetone and 2-propanol 

reactions on TiO2 and Cu catalysts15 

 

The reaction network of acetone/isopropanol aldol condensation on TiO2-Cu bifunctional 

catalysts is shown in Figure 4.7. The acetone hydrogenation on Cu/SiO2 catalyst led to the 
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equilibrium of acetone and 2-propanol, as demonstrated by the approach to equilibrium factor 

(η): 

𝐶3𝐻6𝑂 + 𝐻2   
𝐾ℎ𝑦𝑑𝑟𝑜
↔      𝐶3𝐻7𝑂𝐻                                                             (4.1) 

𝜂 =
𝑃𝐶3𝐻7𝑂𝐻

𝑃𝐻2 ∙  𝑃𝐶3𝐻6𝑂
∙

1

𝐾ℎ𝑦𝑑𝑟𝑜
                                                                   (4.2) 

where 𝐾ℎ𝑦𝑑𝑟𝑜 is the equilibrium constant of the hydrogenation reaction from acetone to 

isopropanol.  

Figure 4.8 shows that when the mass ration between Cu/SiO2 and TiO2 increased to 2:1, 

we can assume that the hydrogenation reaction reached equilibrium. The self-condensation of 

acetone produced equilibrated mixtures of mesityl oxide and isomesityl oxide, and then cross 

condensation of acetone and C9 products from primary condensation yield secondary 

C9  products; the presence of Cu/SiO2 and H2 rendered acetone reactants and the unsaturated 

condensation products present in equilibrium with their saturated analogs15. As shown in Figure 

4.9, the acetone condensation rate on pure TiO2 decreased sharply with time on stream, where 

the deactivation rate was 0.024 min-1. The addition of Cu/SiO2 function overcame the 

deactivation with reported deactivation rate of 0.001 min-1, which is 20 times smaller than that of 

pure TiO2. 

 

Figure 4.8 Effects of (Cu/SiO2)/TiO2 mass ratios on the equilibrium constant for hydrogenation of 

acetone to isopropanol 
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Figure 4.9 Forward rate of acetone aldol condensation as a function of time-on-stream on TiO2 

(black) and TiO2 + Cu/SiO2 catalysts with and without microporous SiO2 layers. 

 

During the reaction of acetone, esters were not detected via GC since the OH group in 

hemiacetals resides at a tertiary C-atom (Figure 4.7), resulting in the prevention of 

dehydrogenation to form an ester. In this case, we only investigated the selectivity of C9 over C6 

products to ensure the effects of microporous layers on the sequential reactions of C6 products. 

As shown in Figure 4.9, C9/C6 selectivity increased with C3 conversions on pure TiO2-Cu 

catalysts, indicating that C6 primary products can undergo sequential reactions with another 

acetone to form bulkier C9 products. In contrast, such sequential reactions were completely 

suppressed on microporous SiO2 layers-covered TiO2-Cu catalysts, suggesting that the presence 

of micropores prevents the sequential reaction of C6 products, which leads to the formation of 

bulkier products.  
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Figure 4.10 C9/C6 selectivity as a function of C3 conversions on TiO2-Cu catalysts with and 

without microporous SiO2 layers 

 

Figure 4.11 Reaction network of aldol condensation and esterification for 1-propanal and 1-

propanol reactions on TiO2 and Cu catalysts15 
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Figure 4.12 Approach to equilibrium for 1-propanal/1-propanol TiO2-Cu bifunctional catalysts 

with varying mass ratio between Cu and TiO2 

4.4.2 1-Proanal/1-Propanol Reactions 

The reaction network of 1-propanol/1-propanal aldol condensation and esterification on 

TiO2-Cu bifunctional catalysts is shown in Figure 4.11. Similar to the acetone/isopropanol 

reactions, the interconversion between 1-propanol and 1-propanal via 

hydrogenation/dehydrogenation was quasi-equilibrated for these bifunctional catalysts (when the 

mass ratio of Cu/SiO2: TiO2 is larger than 2:1), as confirmed by the approach to equilibrium 

factor (η) that reached unity (Figure 4.12), where 

𝜂 =
𝑃𝐶3𝐻7𝑂𝐻

𝑃𝐻2 ∙  𝑃𝐶3𝐻6𝑂
∙

1

𝐾ℎ𝑦𝑑𝑟𝑜
                                                                   (4.3) 

For the 1-propanol/1-propanal reactions on TiO2 catalysts, the 1-propanal undergoes self-

condensation to form C6 products 2-methyl-2-pentenal, which was then hydrogenated to 2-

methyl-pentanal and 2-methyl-pentanol, and also to their isomers: 2-methyl-3-pentanone and 2-

methyl-3-pentanol, respectively, resulting in the formation of equilibrated mixtures (Figure 

4.11). These C6 products can react with 1-propanal to form C9 or bulkier products via cross 

condensation. The TiO2 catalysts also suffer from the fast deactivation for 1-propanal reactions. 

As shown in Figure 4.13, with the presence of Cu/SiO2, the deactivation rate decreased from 

0.009 min-1 to 0.001 min-1, indicating that those unsaturated products are the unreactive residues 
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that blocked the active sites on the TiO2 surface. On TiO2-Cu catalysts, the 1-propanal can be 

hydrogenated to 1-propanol, and 1-propanol reacted with 1-propanol via esterification, and the 

main esterification product propyl propionate can further react with 1-propanal and 1-propanol to 

form bulkier products.  

 The [1-propanol/1-propanal] concentration ratios can be set by the equilibrium constant 

(KH) and H2 pressures:  

[1 − propanol]

[1 − propanal ]
=
𝑘𝐶−𝑂
𝑘𝐶−𝐶

KH[H2]                                                                    (4.4) 

Selectivity between esterification and aldol condensation pathways (rester/raldol) are 

determined by the kC-O/kC-C rate constant ratios and the [1-propanol/1-propanal] concentration 

ratios: 

𝑟𝑒𝑠𝑡𝑒𝑟
𝑟𝑎𝑙𝑑𝑜𝑙

=
𝑘𝐶−𝑂
𝑘𝐶−𝐶

[alkanol]

[alkanal ]
=
𝑘𝐶−𝑂
𝑘𝐶−𝐶

KH[H2]                                                    (4.5) 

Therefore, the (rester/raldol) ratios are expected to increase linearly with H2 pressure, with 

the slope that reflects the ratios of kC-O/kC-C constants (that are expected to depend on the void 

environments) and KH (thermodynamic properties, thus independent of catalysts). To investigate 

the influence of microporous structures on the selectivity of esterification over aldol 

condensation, the 1-propanol/1-propanal reactions were tested on the microporous SiO2 layers-

covered TiO2-Cu catalysts, comparing with the reactions on bare TiO2-Cu catalysts. The reaction 

condition is 0.8 kPa 1-propanol, 40 kPa H2, and the reaction temperature is 543 K. 

As shown in Figure 4.14, on TiO2-Cu catalyst, it is roughly a linear function between the 

rester/raldol and the H2 pressure, which is consistent with our expectation. For the microporous 

sample, rester/raldol is also increased with the higher H2 pressure, but the trend is not linear. One 

possible reason is that the conversion of 1-propanol on the microporous TiO2-Cu sample is too 

low and not in consistency with the conversion of that on TiO2-Cu catalyst. The more important 

thing is that if we compare the rester/raldol on the TiO2-Cu sample with and without microporous 

structure at the same H2 pressure, we can find that on the microporous TiO2-Cu sample, the 

rester/raldol is much larger than that of the bare TiO2-Cu catalysts, suggesting that the microporous 

layer affected the selectivity of esterification over aldol condensation. 
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Figure 4.13 Time-on-stream profiles for 1-propanal conversion rates on TiO2 and TiO2-Cu 

bifunctional catalysts 

 

 

Figure 4.14 rester/raldol for 1-propanol reactions as a function of H2 pressure on TiO2-Cu bifunctional 

catalysts with (black) and without (red) microporous SiO2 layers 
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CHAPTER 5 

CONCLUSIONS AND OUTLOOKS 

 
In summary, this work investigated a catalyst design strategy to control product 

selectivity for aldol condensation by tailoring the secondary structures around the Lewis acid-

base site pairs in TiO2 catalysts.  

The first goal of this work is to find the optimum microporous structure using our 

bottom-up synthesis methods, consisting of the grafting of templates, the deposition of SiO2 

layers, and the removal of templates. We varied the template molecules to find the best candidate 

that can strongly bond to the surface and survive during the following SiO2 deposition. Catechol 

is the best template among all the molecules we tested, confirming by the TPO results that it was 

strongly bonded and was not lost after deposition of SiO2 layers. The grafting process was also 

studied for reproductivity. We found that the density of catechol grafted on the TiO2 surface can 

shift due to non-ideal mixing. With the so-called two step synthesis method, the grafting process 

is supposed to became better controlled. The deposition of SiO2 layers can be controlled by 

varying the number of deposition cycles, and our method successfully created uniform SiO2 

layers. The removal of template molecules is also essential step, and we found that the O2 

treatment sample at high temperature removed all the grafted catechol and can create micropores 

according to the N2 physisorption results, but it slightly affected the microporous structures. The 

O3 treatment at low temperature showed better microporous structures with larger micropore 

areas and smaller pore sizes. The structure of the pores, such as size, depth, and shape could be 

able to be modified by changing the template molecules of different shapes and sizes. However, 

due to the property of liquid-phase SiO2 deposition, it is challenging to find appropriate 

templates of various sizes and shapes that can survive during the deposition step. Further studies 

are still needed to find better templates.  

Aldol condensation was selected to study the influence of microporous layers since it is 

an important reaction to upgrade biomass-derived oxygenates by forming new C-C bonds in 

modern industry and can provide an alternative for fuels. Metal oxides are widely used catalysts 

for aldol condensation, and we chose TiO2 as our substrate since it has high reactivity compared 

to some other oxides. However, TiO2 suffers from fast deactivation because the unsaturated 

products can block the active sites on the surface. We added the Cu/SiO2 catalysts for the 
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addition of hydrogenation and dehydrogenation function, and the resulted catalysts were showed 

superior stability than pure TiO2 catalysts. We tested the deactivation rate for acetone and 1-

propanol reactions on TiO2 catalysts and TiO2 + Cu/SiO2 catalysts. The results showed that for 

acetone aldol condensations, the deactivation rate decreased from 0.024 min-1 to 0.001 min-1 with 

the addition of Cu/SiO2; while for 1-propanol aldol condensation and esterification, the presence 

of Cu/SiO2 lowered the deactivation rate from 0.009 min-1 to 0.001 min-1. Both reactions showed 

that with the Cu/SiO2 catalysts, the stability of TiO2 catalysts was much higher. 

To study the effects of microporous layers on reactivity and selectivity of esterification 

over aldol condensation, the reaction of acetone/isopropanol and 1-propanal/1-propanol were 

investigated. For acetone/isopropanol condensation, there were no detected esterification 

products, because the OH group in hemiacetals exists at a tertiary C-atom, prohibiting 

dehydrogenation from forming an ester. Therefore, we only studied the selectivity of bulkier 

products over primary C6 products from acetone aldol condensation. The results showed that on 

bare TiO2 + Cu/SiO2 catalysts, the ratio between C9 and C6 products increased with the 

increasing conversion of acetone; but on the microporous SiO2 layers covered TiO2 + Cu/SiO2 

catalysts, the selectivity of C9 over C6 products always stayed at 0 even when the conversion of 

acetone reached 50%. These results proved that the addition of microporous SiO2 layers 

prevented the sequential reactions of primary C6 products from forming secondary condensation 

products, indicating the TS of C-C coupling of C3 reactants and C6 products was too large for the 

size of micropores we synthesized.  

Due to the lack of esterification in the acetone reaction, 1-propanol was used as a reactant 

to test the performance of the microporous samples we synthesized on the selectivity of 

esterification over aldol condensation. The ratio of esterification and aldol condensation rates is 

expected to be linearly increased with H2 pressure, and the ratio of esterification rate and aldol 

condensation rate of 1-propanal/1-propanol reaction increased linearly with the growing H2 

pressure on bare TiO2 + Cu/SiO2 catalysts. However, the preliminary results for the 1-propanal/1-

propanol reaction on microporous SiO2 layers covered TiO2 + Cu/SiO2 catalysts followed a 

similar trend that the ratio of esterification rate and aldol condensation rate increased with the 

growing H2 pressure, but the trendline was not a perfect linear line with 0 intercept. The most 

exciting result is that the ratio of esterification and aldol condensation rates of 1-propanal/1-

propanol reaction on microporous SiO2 layers covered TiO2 + Cu/SiO2 catalysts is much higher 
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than that on bare TiO2 + Cu/SiO2 catalysts under same reaction conditions. More data will be 

needed to further confirm the advantage of microporous structures on the selectivity of 

esterification over aldol condensation. 

In conclusion, the addition of microporous layers was proved to increase the productivity 

of desired products by preventing sequential reactions. It also affected the selectivity of aldol 

condensation and esterification since the TSs for C-C coupling through aldol condensation of C3 

reactants differ from that of C-O coupling through esterification.  

This work can demonstrate a synthetic technique to engineer microporous structures 

around the active sites for selective catalysis related to the size and shape of molecules via a 

bottom-up method, and to the best of my knowledge, it is the first work that investigated the 

influence of template-grafting on the porous structure using catechol. In addition, the design 

strategy described in this work successfully improved the yield of desired products by preventing 

sequential reactions and confining the size of void environments around active sites according to 

the size of TSs leading to desired reactions. This strategy can be applied to design and synthesize 

catalysts with better controlled microporous structures for broad applications on a larger scale. 
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