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1.1 Catalysis 

Catalysis and catalytic reactions are an integral part of mankind touching almost everything 

that comes across the day to day life.
1
 The term catalysis was coined by Berzelius in 1836 

and described it as a new force which is operative for carrying out chemical reactions. The 

word catalysis has Greek origin which basically means ‘to loosen’. Catalysis – a tool to carry 

out reactions had already been utilized much earlier in the processes such as fermentation. 

One of the interesting examples of early catalytic reactions is production of sulphuric acid in 

small quantities by burning sulphur with nitric acid in the presence of air. Large production of 

sulphuric acid was realized in 1746 by using lead as the construction material for reaction 

chambers. Clement and Desormes in 1793 proposed that amount of nitre could be minimized 

by using additional amount of air which acted as the oxidising agent. Hence they concluded 

that minimum of nitre could be used to produce large amount of sulphuric acid by using air as 

the oxidizing agent and nitre is what we would refer as catalyst. At the end of the eighteenth 

and beginning of nineteenth century various reactions catalysed by catalyst were studied and 

proved to be milestones. In 1813 Thenard found dissociation of ammonia on various hot 

metal surfaces. Humphry Davy’s investigation on the oxidation of coal gas in developing 

miner’s safety lamp was another pioneer work where metals such as platinum and palladium 

found to be active for combustion of coal gas to CO and CH4. Later in 1834 Faraday 

proposed that reactants have to successfully adsorb on the surface for a chemical reaction but 

could not fully explain the catalytic action. A refined definition of catalysis was further given 

by Ostwald in 1909 that the thermodynamic equilibrium of reactants and products is not 

influenced by catalyst but it actually affects the rates of chemical reactions. The industrial 

revolution in catalysis happened after Nobel Prize winning work of Fritz Haber and Carl 

Bosch for ammonia synthesis in 1918 over iron catalyst. Another Noble prize was given in 

the field of ammonia synthesis in 2007 to Gerhard Ertl for unravelling the details of ammonia 

synthesis at molecular level using surface science techniques. Various industrial catalytic 

processes have applications in oil industry, petrochemical industry, exhaust gas technology, 

polymer production, fine chemical synthesis, etc. Hence it would not be wrong to say that 

catalytic processes have emerged as a key to many fundamental problems in common man’s 

life and will continue to do so in coming future also.  

A catalyst can be defined as a chemical moiety which can be added to the chemical reaction 

to speed up the rate of reaction without actually being affected itself in the reaction.  
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Figure 1.1 Representation of energy profile of a catalyzed and uncatalyzed reaction with reaction 

coordinates. 

The energy profile of the chemical reaction as shown in Figure 1.1 clearly explains the role of 

catalyst. The activation energy of the transition state can be minimized in the catalysed 

reaction by diverting the route to a less energy pathway as compared to uncatalyzed reaction 

but the overall all energy of reaction remains constant irrespective of the reaction pathway 

followed. Thus by selecting a suitable catalyst the desired chemical reaction can occur in 

much energy efficient way with an optimum conversion and selectivity.  

Based upon the phase of the reaction catalysis can be majorly defined as (i) homogeneous 

catalysis and (ii) heterogeneous catalysis. 

1.2 Homogenous Catalysis 

In homogeneous catalysis all the reactants and catalysts are present in one phase, usually 

liquid phase. A large variety of homogeneous catalysts are known but the modern 

homogeneous catalysis branch has been dominated by organometallic and coordination 

complexes since these have led to largest number of industrial reactions. Some of the 

homogenous catalytic reactions are hydroformylation,
2
 polymerization of alkenes,

3,4
 etc.  

 



 
New Formulation for Noble Metal (Au, Pd) Supported Metal Oxides and Their Catalytic Applications  

 

Ph.D Thesis; December-2018: CSIR-NCL; Chapter-1 Page 4 
 

1.3 Heterogeneous Catalysis 

In heterogeneous catalysis, the catalyst is present in different phase with respect to reactants. 

Most heterogeneous catalysts are solid and interact with reactants commonly present either in 

liquid or gaseous phase. Heterogeneous catalysis is preferred over homogeneous catalysis in 

the ease of catalyst separation and recyclability. Heterogeneous catalysts are typically 

‘supported’ where the catalyst is supported on second material (main constituent in quantity) 

to provide mechanical stability, surface area desired for an optimum catalyst. The active sites 

in supported heterogeneous catalysis are the atoms or ensemble of atoms or the crystal faces 

exposed of the metal where actual reaction (bond breaking and bond formation) occurs. The 

support can provide the effective surface area for optimum dispersion of these active sites and 

can also interact with these sites. These supports can sometimes play pivotal role in 

catalysing reaction where the interaction between catalyst and support can alter the rate of 

reaction in either of the way.  

Although the conversion and selectivity are the backbones of any catalytic reaction, the 

catalyst separation, recyclability and the thermal stability are indispensable to design an 

efficient, sustainable, economical and thermally stable catalyst. Transition metal 

nanoparticles (NPs) based catalysis has circumvented the problems associated with homo and 

heterogeneous catalysis and a new class of catalysis has originated termed as “nanocatalysis”. 

Metal nanoparticles are the most commonly used nanocatalysts which themselves can be used 

as catalysts in colloidal form or can be heterogenized by fixing on heterogeneous solid 

supports. Thus nanocatalysis involves critical properties of both homogeneous and 

heterogeneous catalysis and can be referred as ‘semi-heterogeneous catalysis’.
5
 This unique 

property of metal NPs based catalysis originates due to the reduction of the size of the metals 

to the nanometre range. Such size reduction results in the appearance of the quantization 

effects due to formation of discrete electronic states along with surface atoms with large 

under coordination. The formation of discrete energy levels (which is a continuum in the bulk 

form) depending upon the size of nanoparticles (Figure 1.2) ultimately results in altered 

physical and chemical properties as compared to their bulk counterparts. These nanoparticles 

can show surprising catalytic activity as compared to bulk due to modified electronic and 

geometric effects 
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Figure 1.2 Schematic illustration of dependence of band gap on particle size.
6
 

1.4 Metal Nanoparticles in Catalysis 

Metal nanoparticles and their supported counterparts can catalyse variety of chemical 

reactions. Transition metal based noble metal (Au, Pt, Pd, Ru etc.) as well as non-noble metal 

(Co, Fe, Cu, Ni etc.)  NPs are the main nanocatalysts which are used in catalysing many 

industrial important reactions.
7-9

 The unique property of transition metals to show variable 

oxidation states is one of the reasons which make them most attractive in the field of 

nanocatalysis. The tunable properties of these metal nanoparticles such as size, shape, 

composition, support, oxidation state are appealing and can influence the catalytic activity 

and selectivity.
10-14

 Usually the support is present in bulk form but decreasing its size to nano 

form can impart tremendous changes in the catalytic activity thereby exhibit the functionality 

of a nanocatalyst in its full sense. Thus fine tuning the size of metal NPs along with support 

material can tune the properties of nanocatalyst in a positive way by increasing the 

conversions and controlling the product selectivity.
15,16

 Along with size of NPs the crystal 

facets exposed can alter the reaction rate by inducing different mode of adsorption of 

reactants and then desorption of product from the surface of the metal active sites.
17,18

  

The most important property possessed by the NPs is presence of under coordinated sites. 

These are basically the atoms whose coordination is not fulfilled due to their nano size. These 

under coordinated atoms are the catalytic hot spots. Smaller is the size of metal NPs larger 

will be the under coordinated atoms.
19,20

 Also the atoms at edges and corners are generally 

more reactive than the atoms present on the planes and their number is inversely proportional 
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to the size of the metal NPs. Thus controlling the size of metal NPs is imperative to obtain 

appreciable catalytic activity.  

Variety of methods is available to synthesize metal NPs out of which two fundamental 

approaches are: bottom up and top down. In bottom up method colloidal metal NPs are 

synthesized from their organic or inorganic precursor preferably in chemical way. Top down 

approach usually deals with the physical ways of synthesizing metal NPs where the bulk 

material is shredded into nanoparticles. Among these two methods bottom up approach is 

widely used for synthesis of colloidal metal NPs where the capping agent/stabilizer can tune 

the size as well as shape of the metal NPs. Although the nanoparticles show remarkable 

properties such as providing ample amount active sites but their small size and high surface 

energy makes them thermally unstable which leads to particle growth, a phenomena termed 

as sintering, and can depreciate their catalytic activity. Arresting sintering of the metal NPs 

can be achieved by supporting them on solid support preferably confining them to porous 

support such as carbonaceous materials, metal oxides, mixed metal oxides, etc. While doing 

so the synergistic effect of NPs with support (commonly termed as SMSI- Strong Metal 

Support Interaction) can also fine tune the catalytic activity in terms of conversion, selectivity 

and stability of the catalyst. Some of the common methods of synthesis of supported metal 

NPs have been exemplified in the following section. 

1.5 Synthesis of Supported Metal Nanoparticles 

Different routes of synthesis of supported metal NPs have been employed which can be 

divided into physical and chemical routes.  

1.5.1 Physical routes 

A. Microwave Irradiation 

B. Sonochemistry 

C. Pulsed Laser Ablation (PLA) 

D. Plasma Reduction 

Among all these, microwave irradiation and sonochemistry are the most commonly used 

methods due to the easy experimental protocol and control over the generation of small metal 

NPs. In microwave irradiation metal NPs of size 1-5 nm can be obtained with narrow size 

distribution. Also microwave irradiation provides instant heating unlike the conventional 

heating and reduces the time of catalyst preparation.
21
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1.5.2 Chemical routes  

1.5.2.1 Wetness Impregnation:  This is a common method of supporting metal NPs on the 

solid support. This approach necessitates the wetting of solid support with metal precursor 

(usually chlorides and nitrates) solution. Two different procedures can be employed for 

supporting metal on solid supports. The first approach follows via the addition of 

impregnating solution to the support which is either completely dried or evacuated.  The 

volume of the impregnating solution is usually equal to the volume of support taken. This 

procedure is known as incipient wetness impregnation or dry impregnation.
22

 Uptake of metal 

precursor into the pores of support occurs via the capillary pressure difference across the 

pores and represented by Young-Laplace equation 
23

 

                                                         
    

  
        

where ∆p is the capillary pressure difference across the pores, γlv of the surface tension 

between liquid and vapour interface and θ is the angle between the solid and liquid. 

Analogous to incipient wetness impregnation, wet impregnation is another type of 

impregnation where the excess amount of precursor solution is used to completely immerse 

the solid support.  

1.5.2.2 Precipitation: This method has long been used to synthesize supported metal catalyst 

where precipitation can be induced by change in pH, temperature and evaporation. Two 

common precipitation methods are: 

1.5.2.2.1 Co precipitation: In this method salts of support and metal precursors are dissolved 

and precipitate together in the presence of basic reagent such as alkali hydroxides or 

carbonates in the form of metal hydroxides or carbonates. The low solubility of these 

components results in precipitation. This method has been utilized to synthesize most 

commonly used Ni-Alumina catalyst for steam reforming
24

, Fischer Tropsch catalyst
25

 and 

also industrial Cu-ZnO2/Al2O3 catalyst for CO2 to methanol transformation.  

1.5.2.2.2 Deposition Precipitation: Another way for the synthesis of supported metal catalyst 

is via precipitation. The principle of coprecipiation and deposition precipitation is similar i.e. 

conversion of highly soluble metal precursor to less soluble chemical entity which 

specifically precipitates on the provided support. The major difference between 

coprecipiation and deposition precipitation is that already synthesized support is added to the 

metal precursor which is then precipitated onto support in the presence of alkali while in 
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coprecipiation both support and metal precursors are precipitated together. The foremost 

requirement to obtain successful deposition precipitation catalyst is interaction between 

soluble metal precursor and surface of the support. If this interaction is absent the metal 

precursor will precipitates in the solution without getting loaded on to support. The most 

common precipitating agents used are urea, NaOH, Na2CO3 etc. Various noble as well non 

noble metal NPs can be supported on metal oxides by this method.
26-29 

In general, this method allows the controlled deposition of metal precursor with strong metal 

support interaction and can result in highly dispersed catalytically active phase after thermal 

treatment.  

1.5.2.3. Sol-immobilization: In this preparation method colloidal metal NPs are synthesised 

via chemical methods using polymers or other capping agent for stabilization against 

agglomeration. The synthesized colloidal particles are then supported on the solid support to 

obtain heterogeneous catalyst.   

1.5.2.4. Melt Infiltration: In this method the metal salt is physically mixed with support 

(especially porous supports) and subsequently heated just above the melting temperature of 

the metal salt. The melt occupies the pores via capillary force as in impregnation method. The 

important condition for this synthesis to be successful is that the melting temperature and the 

decomposition temperature of metal salt should be sufficiently different. This method is also 

known as solid state impregnation, solid-solid method or solvent free method. Usually the 

transition metal nitrates with water of crystallization are most common precursors used for 

synthesizing the supported catalyst.
30,31 

The above discussed preparation techniques are the most commonly used methods for 

obtaining metal NPs supported on solid supports.  

1.6 Common Supports 

The heterogeneous catalyst comprises of two components: metal and support. Though the 

metal forms the active phase of the catalyst, the role of support cannot be neglected. The 

support forms the major portion of heterogeneous catalyst and usually comprises of metal 

oxides, hydroxides, carbon based materials etc. Most commonly used support materials are 

SiO2, Al2O3, transition metal oxides such as Mn, Fe, Co, Ni- oxides, ZnO2, CeO2, TiO2, alkali 

and alkaline metal hydroxides and carbonates, oxides of lanthanides etc. Hence most of the 

elements in the periodic table can be used as support materials.  Depending upon their role in 
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catalysis the support can be divided into active and inactive support. Transition metal oxides 

are the active supports due to their unique property to show variable oxidation state which 

helps in the stabilization of metal NPs and participating in reaction as well. But the supports 

like SiO2, Al2O3 and carbon are considered to be inactive supports due to weak interaction 

with metal NPs. Even though metal-support interactions are weak, SiO2 and Al2O3 are most 

commonly used in heterogeneous catalysis. This is due to their low cost, abundant 

availability and thermal stability. Another important property of these supports especially 

SiO2 and carbon is high surface area and tunable porosity. Depending upon the size of pores 

these porous materials can be divided into three categories:  

I. Microporous materials: pore size less than 2 nm 

II. Mesoporous materials : pores size falls in the range of 2-50 nm 

III. Macroporous materials: pore size above 50 nm 

Among these materials mesoporous materials have attracted lot of attention due to their wide 

distribution of pores. The inherent large surface area and pore volume of these mesoporous 

materials makes them ideal candidate for supporting active phase in heterogeneous catalysis. 

Among the porous supports SiO2 based materials are most commonly used due to their 

stability under thermal as well as harsh reaction conditions.
32

 Mesoporous silica such as 

MCM-41, MCM-48, SBA-15 and  KIT-6 , differentiated on the basis of size, shape and 

structure of their pores, are widely used for supporting metal NPs and.  

1.7 Catalytic Reactions over Nanostructured Catalysts 

Metal NPs supported on solid supports are used for catalyzing various important catalytic 

reactions which have significance in resolving many environmental issues as well as organic 

transformations. Some of the catalytic reactions which have been performed in the present 

thesis are generalized and discussed in the following section: 

1.7.1 CO Oxidation: Carbon monoxide is a colourless and odourless gas with a boiling point 

of -192 
o
C and melting point of -205 

o
C. Due to its high affinity for haemoglobin it is highly 

toxic to humans and animals. It can easily react with haemoglobin and form 

carboxyhaemoglobin leaving no sites for O2 binding which results in failure of oxygen supply 

to body organs resulting in pronounced detrimental effects. The main source of evolution of 

CO in atmosphere is automobile exhaust, power plants and industrial and domestic 

activities.
33

 CO is also the precursor to production of ground level ozone which can induce 
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many respiratory ailments.
33

 These hazardous effects of CO on living beings prompted its 

abatement in air by converting it to non toxic chemicals. One of the major routes for 

converting CO to other chemicals is its oxidation to CO2.  

                                             2CO + O2                        2CO2 

CO oxidation is the most fundamental reaction which has attracted lot of attention of 

scientific community.
34

 CO is also one of the most important probe molecule used to obtain 

the spectroscopic understanding of the catalyst.
35

 The oxidation of CO involves activation of 

both CO and O2 under the provided reaction conditions. Hence development of catalysts 

which can effectively catalyze CO to CO2 under ambient reaction conditions is required. 

Gold based catalysts have been known to catalyze CO oxidation at remarkably low 

temperatures (less than 0 
o
C).

36-38 
 Other noble as well as non noble metals such as Pt, Pd, Rh, 

Ru, Co, Cu etc. are also known to effectively catalyze CO to CO2 transformation.
39-43

 The 

size of metal NPs and choice of support are two critical factors which decide the activity of 

employed catalyst for efficient CO oxidation reaction. For gold based catalyst it has been 

proved by Haruta et al that NPs of size 3-5 nm supported on redox supports are active for CO 

oxidation at low temperatures.
44,45

 The mechanistic aspects of these reactions are 

unambiguous and three major mechanisms have been well documented in the literature which 

are (i) Langmuir-Hinshelwood (ii) Eley-Rideal and (iii) Mars van Krevlen mechanisms.
46-48

 

The Langmuir-Hinshelwood mechanism involves adsorption and activation of both CO and 

O2 on the catalyst surface. This is the favoured operational mechanism for CO oxidation on 

most of the supported systems where the sites for the two reactant molecules can be same 

(metal NPs) or both support and metal. In general CO is adsorbed and activated on metal NPs 

while the O2 gets adsorbed and activated either on the metal support interface or support 

itself. This mechanism usually operates on low to moderate coverage of reactants.
48

 In Eley-

Rideal mechanism O2 is usually adsorbed and activated on the metal surface of the catalyst 

and reacts with the CO in gaseous form. Pt and Ru based catalyst are found to follow this 

mechanism but via a modified tri-molecular Eley-Rideal mechanism.
49,50

 Mars van Krevlen 

mechanism operates under the conditions where support can provide lattice oxygen for 

reaction with adsorbed CO and molecular oxygen gets activated  on the vacant lattice site and 

replenishes the lattice site.
51-53

 Thus all the three mechanism can be followed on supported 

metal catalyst depending upon reaction conditions.  In the present thesis Au and Pd NPs 
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supported on SiO2 have been utilized for oxidation of CO to CO2 and their size and activity 

correlation has been established.  

1.7.2 H2O2 mediated Olefins Epoxidaion: Epoxidation is the chemical reaction which 

converts C-C double bond in to oxiranes (epoxides). Oxidation of olefins to their respective 

epoxide in the presence of green oxidant has always been attractive as the product is 

important in the manufacturing of many industrially important chemicals. Various organic 

and inorganic oxidants can be used which can oxidise C=C bond to epoxide via 

homogeneous as well as heterogeneous routes. Organic oxidants can efficiently form 

epoxides but produces copious amount of waste making them less economical and 

ecofriendly. H2O2 is the most suitable alternate of organic oxidants for this purpose as the 

only by product formed is water and provides atom efficiency as the active oxygen content is 

more. Many transition metal based catalyst have been used for carrying out olefins 

epoxidation with H2O2.
54-56

 The major drawback of using H2O2 as an oxidant is its easy 

decomposition to water under reaction conditions which leads to the formation of undesired 

oxidation products. Thus the active sites which can stabilize H2O2 and prevent its 

decomposition to water must be present on the catalyst surface. Most common catalyst used 

for this purpose is transition metal such as Ti, W, Nb, Fe, Mn which can perform efficiently 

in homo as well heterogeneous way.
57-60

 Metals like Ti, W, Nb works efficiently when 

present in silica matrix as their respective silicates.
61-63

 Their existence in silica lattice in the 

form of single sites or amorphous metal oxides can affect the activity as well as selectivity for 

epoxidation. Mostly single, isolated sites of these metals in silica lattice are active for getting 

optimum yield of epoxides.
64,65

 There by suitable synthesis protocols have to be used so as to 

modify silica with isolated transition metal centres. Development of titanosilicates such as 

TS-1 and TS-2 has overcome this problem of maintaining the Ti centres in isolation in silica 

matrix.
66

 Titanosilicates have been the most suitable catalyst used for epoxidation of variety 

of olefins in the presence of H2O2 where the minimum decomposition of H2O2 and maximum 

epoxide yield can be obtained.
67,68

 Another attractive alternate to limit the use of commercial 

H2O2 and prevent its decomposition is to insitu generate H2O2 during reaction conditions in 

the presence of molecular H2 and O2. Thus synthesized H2O2 can be stabilized on isolated Ti 

centres and take part in epoxidation of olefin. Noble metal such as Pd, Au are known to 

produce H2O2 from molecular O2 and H2.
69-71

 These metals when supported on titanosilicate 

produce H2O2 which is transferred to nearby Ti centres for carrying out further reaction hence 

behaving as bi-functional catalyst.
72,73

 In this thesis work titanosilicates and Au supported on 
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titanosilicates have been synthesized and their activity has been explored for olefin 

epoxidation.  

1.7.3 CO2 hydrogenation: Carbon dioxide is one of the major constituent of green house 

gases emitted into atmosphere. Anthropogenic CO2 emission to atmosphere has raised severe 

environmental issues and global warming is one the major effect which is increasing earth’s 

temperature continuously. Due to its negative impact on the global climate changes the major 

CO2 emitting countries have pledged to decrease CO2 emissions significantly to limit the 

temperature increase.
74

 Thus the emission of CO2 has been forecasted to be low in near 

future. However tens of thousands tons of CO2 will still be emitted into earth’s atmosphere by 

anthropogenic activities such as burning of fossil fuels for energy generation.  A recent 

declaration by UNEP (United Nations Environment Programme) accounted that if no strict 

action is taken to reduce the CO2 emissions then the earth’s temperature might increase by > 

2
o
C by year 2050 and by > 4

o
C by 2100.

75
 In order to avoid this situation it is necessary to 

reduce CO2 emission either by its storage or by its conversion to value added chemicals. 

Using CO2 storage (CO2 Sequestration) as an alternate may reduce the CO2 emissions 

quickly
76,77

 but has an issue of potential leakage. Thus conversion of CO2 to chemicals is best 

option as the products can be utilized in various applications.
78

 However the high stability of 

CO2 (Bond Enthalpy= +809 kJ mol
-1

) creates the major obstacle for establishing industrial 

processes where CO2 can be used as raw material. Conversion of CO2 to chemicals can be 

achieved by photocatalysis,
79,80

 electrocatalysis
81

 and thermal catalysis. Photo and 

electrocatalysis often results in low efficiency limiting the commercialization aspect. Thermal 

catalysis is attractive but it requires large energy input. Conversion of CO2 with high energy 

material is prominent solution and hydrogen produced from renewable sources is best 

candidate for this transformation. Thus hydrogenation of CO2 in the presence of H2 is the 

most appealing research direction which not only reduces the CO2 emission but also 

decreases the dependence on fossil fuels.
82

 CO2 can be hydrogenated to various chemicals 

such as hydrocarbons, alcohols, syn gas and other valuable oxygenates. Various noble and 

non noble metals can be utilized for thermal conversion of CO2 and may follow different 

paths as shown in Figure 1.3. 
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Figure 1.3 CO2 hydrogenation to various chemicals and fuels.
74

 

Metals like Ni, Ru, Rh are known to convert CO2 to methane
83-86

 while Fe is best known for 

syn gas and hydrocarbons production.
87,88

 Metals like Cu, Pd, Ni, Ga, Ag in monometallic or 

bimetallic combinations are known to produce oxygenates such as methanol, ethanol, formate 

etc.
89-96

 but require high pressures of CO2 and H2. Cu-Zn/Al2O3 is the industrial catalyst for 

methanol synthesis with a selectivity of 50% and works at >50 bar pressure.  Pd based 

catalysts have emerged as captivating alternate because of low working pressure as compared 

to Cu based catalyst and  the selectivity for oxygenates is also high.
97,98

 While this is the case, 

support effects and its role in the selectivity of various products discussed above has not been 

discussed in literature so far. In the present work the influence of various supports on Pd 

based catalysts have tested for CO2 hydrogenation at atmospheric pressure. 

1.7.4 Reductive N-alkylation of nitro compounds to N-alkyl amines: Amines are considered 

one of the important organic compounds with their numerous applications in pharmaceutical 

and agrochemical industry. Some of the top selling drugs such as Abilify, Lidoderm, Crestor 

and Gleevac are amine compounds which emphasizes the importance of this class of 

compounds.
99

 Due to increased demands of biological nitrogenous compounds it is important 

to develop easy and sustainable strategies for the synthesis of amine and its derivatives. Due 

to their potential use as pharmacophores, secondary amines are particularly more important. 

The common methods for their synthesis are direct alkylation of amines with alkyl halides
99
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amine-carbonyl reductive amination,
100

 Buchwald-Hartwig
101

 and Ulmann C-N cross 

coupling reactions.
102,103

 Direct alkylation of amines using alkyl halides is the most common 

method but has serious drawbacks due to high cost of alkyl halides and generation of 

undesired by products. Coupling of amines with aldehydes/ketones is appealing due to their 

lower cost and generation of only water as the by product. But amines are produced from 

reduction of nitro compounds so an additional step is included and also nitro compounds are 

cheaper than amines. Thereby single step alkylation of nitro compounds to alkylated amines 

is fascinating due to prevention of hydrogenation step. In this regard using alcohols as the 

alkylating agents is more attractive due to their abundant availability and easy handling.
104,

 

Many synthesis routes have been developed which involves transfer hydrogenation, reductive 

alkylation in the presence of hydrogen etc. Metals like Ru, Rh, Ir, Au, Pd, Ni, Mn, Fe etc 

have been used for the synthesis of N-alkylated amines.
105-110

 In this thesis, Pd based 

heterogeneous catalyst for direct one pot conversion of nitroarenes to N-alkylated amines 

using aliphatic alcohols as the alkyl source is demonstrated. 

1.8 Characterization of Nanocatalysts  

Characterization of nanocatalysts is important to establish structure-property-activity 

correlation. Many microscopic and spectroscopic techniques help to get a deeper 

understanding of catalytic system. The following section will provide a brief introduction of 

characterization tools which have been used for the nanocatalyst analysis in this thesis.  

1.8.1 UV-visible Spectroscopy 

UV-visible spectroscopy is the absorption/reflectance of electromagnetic radiation in 

ultraviolet-visible spectral region. The metal nanoparticles possess free electron on their 

surface also called plasmons which when absorbs light can oscillate and there comes a 

situation when the energy of these oscillating electrons (plasmons) matches with frequency of 

incident light and gives origin to a phenomenon popularly known as surface plasmon 

resonance (SPR). The metal NPs such as Au, Ag, Cu show this phenomenon in UV-Vis 

range. Thus SPR is the collective oscillation of free electrons in solid or colloidal solution 

stimulated by the incident light.     
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Figure 1.4 Schematic representation of SPR phenomenon in metal NPs.
111 

This property of metal NPs can vary with the size and shape thus making them useful for 

optical applications.
112

 In this thesis UV-visible analysis and spectra were acquired using 

Shimadzu 2700 spectrophotometer equipped with a dual beam source of He and tungsten for 

UV and visible light respectively. Liquid sample analysis was done using water as the 

reference. DRUV analysis was performed for powder samples using BaSO4 as the standard.  

1.8.2 X-ray Diffraction Analysis 

X-ray powder diffraction is widely used for the analysis of solids mainly crystalline or 

polycrystalline material giving useful information about unit cell parameter. The interaction 

of material with X-rays results in the diffraction of X-rays in specified direction and angle. 

The working principle of X-rays is based on Bragg’s equation: 

                                                      nλ = 2dsinθ 

where n is the order of reflection which is normally an integer, λ is the wavelength of X-rays 

used, d is the interplaner distance and θ is the angle between x-rays and reflecting lattice 

plane. The X-ray peaks have significance in calculating the crystallite size through Scherer 

equation which relates the crystallite size to full width at half maximum (FWHM) of the peak 

as: 

  
  

     
 

where τ is mean crystallite size, λ is the wavelength of X-rays, k is the constant often taken as 

0.9, β is the FWHM, θ is the angle between beam and normal to reflecting plane. In the 
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present thesis small and wide angle X-ray analysis on the powder catalysts were measured on 

Rigaku D MAX  with a Cu Kα source of wavelength 1.54 A
o
 with an operational voltage of 

40 mV and 15 mA current.  

1.8.3 Fourier Transform Infrared Spectroscopy  

FTIR is a useful technique to obtain the nature of chemical bond involved in 

molecule/material. The absorption of infrared induces vibrations in the chemical bonds which 

can change the dipole moment associated with the absorption. For a molecule to be IR active 

change in dipole is the required condition. The sample is subjected to interact with IR 

radiation and absorption spectrum is obtained when the absorption frequency of vibration 

resonates with the incident frequency. Thus obtained data points are Fourier transformed 

using mathematical models to get meaningful data in terms of absorption or transmittance 

with respect to wavelength absorbed.  

The IR analysis in this thesis was performed on Bruker Tensor 27 FTIR spectrophotometer 

and Thermo Nicolet is50 using KBr as the reference. The samples were made into pellet 

using KBr in certain proportions. Insitu IR analysis was performed on ThermoNicolet 50 

spectrophotometer equipped with KBr window.  

1.8.4 Raman Spectroscopy 

Raman spectroscopy gives vibrational, rotational and other low frequency modes in the 

material. It relies on the Raman scattering or inelastic scattering of monochromatic light form 

laser with suitable wavelength. The interaction of laser light produces vibrations in the 

system which results in energy shift of laser photons to up or down generating anti stroke or 

stroke Raman lines. The elastically scattered lines are termed as Rayleigh lines. The inelastic 

scattered light can give direct information about molecule under consideration. For present 

thesis work Raman analysis was performed both in visible and UV region. Raman analysis in 

visible region was acquired on LabRam spectrometer make HJY with a laser wavelength of 

633 nm. Raman analysis in UV region was performed using 264 nm excitation wavelength 

generated by tunable Tisapphire Laser(Indigo, Coherent Inc.). The average power used was 

0.6mW. Calibration was done by recording the spectra of dimethylformamide, cyclohexane, 

acetonitrile, trichloroethylene with the known band position. 
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1.8.5 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR is a spectroscopic tool which acquires the information about the local magnetic field 

around atomic nuclei. Thus the physical and chemical nature of the material can be identified 

by utilizing the magnetic properties of atomic nuclei under consideration. The sample is 

placed in the external magnetic field and the spectrum is produced by interaction of atomic 

nuclei with the magnetic field under nuclear magnetic resonating conditions. In the solid state 

NMR spectroscopy the anisotropic properties on the solid are dominant which can result in 

peak broadening in convectional solution based NMR. Two important concepts are used to 

get a well defined solid state NMR data and those are proper sample orientation to limit most 

of the sample orientations and reduction of anisotropic nuclear magnetic interaction by 

sample spinning. The latter approach is obtained by fast spinning the sample around magic 

angle (MAS) for nuclei having ½ spin. The chemical shift values obtained after analysis can 

be used to identify the coordination environment around the nuclei which can be correlated 

with structure of the molecule in the material.  

Solid state NMR studies in the chapter 3 were performed on Bruker HD 700 MHz 

spectrometer in a 4 mm double resonance probe with Larmor frequency of 70.94 MHz for 

15
N and the single pulse 

1
H MAS experiments were done at Bruker AV NEO 500MHz 

equipped with a 2.5mm trigamma probe at a sample rotation frequency of 32 kHz. 

1.8.6 N2 Porosimetry Analysis 

N2 Porosimetry is an important tool to obtain information about the textural properties of the 

supported materials using liquid N2 as a probe molecule. The working principle of this 

technique is based on the BET theory proposed jointly be Brunner, Emmet and Teller for 

multilayer adsorption of gas molecules on the solid surface. The BET equation can be 

represented as: 

 

   
  
    

  
   

   
 

 

  
 

 

   
 

where P is the equilibrium absorption pressure, P
o
 is the saturation pressure of the adsorbate 

at analysis temperature, Va is the volume of N2 adsorbed at pressure P and Vm is the volume 

of adsorbate for monolayer adsorption and C is the BET constant related to heat of adsorption 

and liquefaction. This method is widely used for measuring the surface area of solid material 

by physical adsorption of the gas molecule by the following equation: 
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where N is Avogadro constant, α is the cross sectional area covered by one adsorbate 

molecule which is 0.162 nm
2
 for N2 and m is the weight of the sample.  

In this thesis, surface area analysis on samples was performed on Autosorb 1C 

Quantachrome, USA. The sample was first activated at high temperature followed by 

adsorbing/ desorbing liguid N2 at different pressures at room temperature. The surface area 

was calculated at relative pressure 0.02-0.4 via BET model. The pore volume was measured 

from uptake of N2 at relative pressure of P/P0=0.99 and pore size was calculated using BJH 

model applied to the desorption branch of the isotherm.  

1.8.7 Inductively Coupled Plasma (ICP) Spectroscopy 

This spectroscopy technique is used to  quantify elements (metals or non metals) present in 

the material under consideration. The working principle of this technique is based on the 

generation of ions of the elements by inductively coupled plasma. The electromagnetic 

radiation generated by the interaction of plasma with elemental ions are detected and used for 

quantification of particular element.  

The ICP analysis in chapter 2 was done on optical emission spectrometer Therm IRIS 

intrepid II XSP (CSIR-NCL) while in the chapter 3 analysis was done in CAMS Venture 

Centre, Pune. All the samples were completely digested in aqua regia and HF for analysis.  

1.8.8 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a surface sensitive spectroscopic technique that measures the elemental composition 

of active components in heterogeneous catalysis. XPS spectra are obtained by irradiating the 

sample with X-ray beam which results in excitation and ejection of electrons based on 

photoelectric effect and then measuring the kinetic energy of the ejected electrons. The mean 

free path of ejected electrons is 10 nm hence making the technique highly surface sensitive. 

The technique is usually called as ESCA (Electron Spectroscopy for Chemical Analysis) and 

provides useful information about the chemical nature, oxidation state and electronic 

environment around the element under consideration. The binding energy calculated from the 

following equation provides the oxidation state information: 

                                                 K.E. = hν ‒ B.E. ‒ Φ  
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where K.E. is the kinetic energy of the ejected electron, B.E. is the binding energy of the 

electron, hν is the incident photon energy and Φ is the work function dependent both on 

spectrometer as well as material.  

XPS measurements reported in the thesis were done on Thermo Kalpha+ spectrometer using 

micro focused and monochromated Al Kα radiation with energy 1486.6 eV operating at a 

vacuum better than 10
-9

 millibar. The pass energy for spectral acquisition was kept at 50 eV 

for individual core-levels and 100 eV for wide area scan. The peak fitting was done using 

XPSpeak41 software with Shirley type background   

1.8.9 X-Ray Absorption Spectroscopy (XAS) 

XAS is an important spectroscopic tool for determining electronic and geometric structure of 

the material. Also the information on local structure and unoccupied electronic states can be 

obtained through XAS analysis. The experiment is performed at synchrotron radiation facility 

which provides tunable and intense X-rays. These X-rays have sufficient energy to excite a 

core level electron of an atom into an empty bound state called as excitonic state below the 

ionization threshold or to the continuum which is above the ionization potential. Three main 

regions are found in a typical XAS data: 

1. Absorption threshold which is determined by transition of excited electron to lowest 

unoccupied states. 

2. XANES (X-ray Absorption Near Edge Spectroscopy) comprises the ejection of 

photoelectrons from core level to quasi bound state having kinetic energy in the range 

of 10-100 eV above the chemical potential. These transitions give rise to multiple 

scattering resonances of the photoelectron. The pre edge and near edge regions in the 

spectrum contribute to XANES spectrum. 

3. EXAFS- The ejected photoelectrons have both particle and wave nature and can be 

scattered back from the neighbouring atoms in the lattice. This interaction can give 

rise to interference pattern at higher energy regions (beyond 100 eV) and gives rise to 

Extended X-ray Absorption Fine Structure (EXAFS).  

4. X-ray Absorption Spectroscopy (XAS) analysis in Chapter 2 was carried out at Ti K 

edge in fluorescence mode at the Scanning EXAFS Beam line (BL-9) at the INDUS-2 

Synchrotron Source (2.5 GeV, 100 mA) at the Raja Ramanna Centre for Advanced 

Technology (RRCAT), Indore, India.  
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    Figure 1.5 Schematic illustration of X-ray absorption edge. (Image Source Wikipedia) 

1.8.10 Transmission Electron Microscopy (TEM)  

TEM is an electron microscopy technique in which a beam of high energy electrons is 

transmitted through the sample to produce a 2-D image of the sample. The sample is an 

ultrathin section <100 nm thick or suspension drop casted on a grid. The image is formed by 

interaction of incident electrons with the sample as the electron beam is transmitted through 

specimen. This image is magnified and then focused onto an imaging device such as a 

photographic film, charged coupled device (CCD) or a fluorescent screen. The advantage of 

using electrons over optical light source is lower de-Broglie wavelength which allows 

resolution in nanometre scale. Hence it is possible to get image of sample at atomic resolution 

by TEM instrument. TEM is widely used to understand the morphology of materials under 

consideration. Advanced features of TEM include STEM (Scanning Transmission Electron 

Microscopy) and HAADF (High Angle Annular Dark Field) imaging modes which are 

equipped with EDS (Energy Dispersive Spectroscopy) to get information of elemental 

composition and atomic distribution in nanomaterials. The conventional TEM analysis in this 

thesis in chapter 2 was done on FEI Technai instruments (TF-20) in CSIR-NCL by 

dropcasting the samples on carbon coated copper grids. The HAADF-STEM analysis was 

done in Portugal on Tecnai (Model F30) operating at 300 kV acceleration voltage. 

Further details of analysis have been provided in details in chapter 2.  
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1.8.11 Scanning Electron Microscopy (SEM) 

SEM is used to get information about the morphology of the sample in a 3-D manner. The 

images are obtained by rastering focused high energy electron beam across the sample and 

backscattered or secondary electrons are detected. These electrons can provide information 

about the surface topography and sample composition. The SEM analysis in the present thesis 

was acquired on FEI model quanta 200 3D with EDX form elemental analysis.  

1.9 Scope and objective of the thesis 

Designing a stable and sustainable heterogeneous catalyst via inexpensive route is always 

challenging and one of the major focus areas in the field of catalysis. The supported noble 

metal NPs has been testing ground for a large number of important reactions some of which 

are industrially produced through homogeneous routes. Hence it is obligatory to develop 

architecture of these systems by certain methods which can provide them sustainability while 

maintaining integral properties of heterogeneous catalyst. Conventional routes of synthesising 

noble metal NPs on solid supports such as impregnation, coprecipiation, deposition 

precipitation have many drawbacks such as larger sized NPs, poor dispersion, poor loading 

etc. especially on inactive supports like silica. But the unique properties of silica such as 

thermal stability, high surface area, tunable porosity, easy modification with other transition 

metals etc. make it most common and convenient support. But synthesising metal NPs of 

sizes 2-3 nm on silica support has always been challenging due to poor metal support 

interactions. This results in uncontrolled particle size growth under high temperature as well 

as reaction conditions which has a deleterious effect on the catalytic activity. Anchoring or 

encapsulating the small sized metal NPs in a porous silica support can impart high thermal 

stability by restricting the motion of NPs as well provide accessibility to active metal sites 

thereby confronting the problems associated with sintering of NPs. In the present thesis work 

strategies have been developed for the synthesis of Au, Pd NPs of small size supported on 

porous silica support which are easy, inexpensive, economical and scalable. The very first 

attempt in this regard has been made by developing a one pot method for the synthesis of 

gold core-silica shell (Au NPs size ~5 nm) which is further modified with titanium to make 

this system more versatile and catalytically active for various oxidation reactions such as CO 

oxidation and propene epoxidation. While, making metal encapsulated core-shell system have 

the advantage of preventing sintering during the course of the reaction or under thermal 

treatment, it is hugely challenging to bring the particle size close to 2-3 nm with good 
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dispersion and loading. Also, scaling up of the catalyst in such core-shell synthesis routes is 

limited. Conventional methods like deposition precipitation (DP) which provides very small 

NPs with high dispersion cannot be used for a support like silica due to its low PZC (~2). 

This bottle neck problem has been circumvented in the present thesis by modifying the 

conventional DP method. This modified DP method is inexpensive, easy and scalable with 

prime focus on maintaining the metal particle size, dispersion, desired loading and thermal 

stability. The method is general and can be employed to noble as well non noble methods.  

 Au and Pd NPs of size 2-3 nm supported on SBA-15 have been synthesized using the 

modified DP method and their catalytic activity has been explored for various oxidation as 

well hydrogenation reactions. The chapter two and three mainly deal with the low 

temperature CO oxidation over Au based catalyst. Also gas phase propene epoxidation in the 

presence of molecular O2 and H2 has been tested over Au NPs supported on titanosilicate in 

chapter two and four. Pd/SBA-15 catalyst has also been screened for different reactions such 

as CO oxidation in the second part of chapter three. The hydrogenation activity of this 

catalyst for CO2 hydrogenation and reductive alkylation of nitrobenzene have been 

demonstrated and explained in chapter five. Mesoporous titanosilicate synthesised by sol gel 

route has also been tested for liquid phase epoxidation of alkenes using H2O2 as oxidant. The 

developed catalysts have been well characterized with suitable microscopic and spectroscopic 

techniques to develop structure activity correlation for reactions employed. Thus, the prime 

objective of the present thesis work is development of synthesis routes of noble metals (Au, 

Pd) supported on metal oxide supports primarily silica for sustainable heterogeneous 

catalysis.  
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CHAPTER-2 

 

Synthesis of Au@Ti-SiO2 Nanocatalyst for CO Oxidation 

and Propene Epoxidation Reactions 

 

 

 

 

This Chapter is adapted from: 

A convenient route for Au@Ti-SiO2 nanocatalyst synthesis and its application for 

low temperature CO oxidation. Yogita Soni, E. A. Anumol, Chandrani Nayak, F. 

L. Deepak, C. P. Vinod, J. Phys. Chem. C, 2017, 121 (9), 4946-4957.   
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2.1 Introduction 

Gold in nanoform is known to catalyze several reactions including CO oxidation, 

epoxidation of alkenes, oxidation as well as hydrogenation of unsaturated 

hydrocarbons.
1-7

 It is now well understood that the activity of spherical gold 

nanoparticles (hereafter NPs) is highly dependent on the size and type of support
8
 with 

Au NPs of size below 5nm to be the most active for catalysis. Supported gold NPs of 

size less than 5nm are known to show low temperature activity for CO oxidation.
9-11

 

The catalytic activity of Au is defined by three major factors- particle size, support 

selection and contact between particle and support.  Many supports such as TiO2, 

Fe2O3, NiO, CeO2 are well known for their high activity for CO oxidation even at sub 

ambient temperatures.
8-16

 But oxides like SiO2 acts as an inactive support and show 

activity at much higher temperatures than those observed for active supports.
17

 Since 

the CO oxidation activity is highly dependent on gold particle size,
18

 it is highly 

desirable to control the gold particle size. In addition, selecting a proper support is also 

crucial as metal support interface can alter the CO oxidation activity. Since silica is a 

cheap and thermodynamically stable support, any modification in silica thereby 

improving the overall activity is definitely a great achievement. Silica can be modified 

with the first row transition metal such as titanium thus forming a new class of support 

known as titanosilicate. Titanosilicate is a well known catalyst for various oxidation 

reactions
19,20

 especially epoxidation reactions
21,23

 but its activity for CO oxidation is 

less known. There are only few reports of CO oxidation performed on Au/Ti-SiO2.
24,25 

Titanium, both in TiO2 or titanosilicate, can show variable oxidation states such as 

Ti
3+

/Ti
4+ 

working as a redox system. Due to this redox property there is a large scope 

for generating oxygen vacancies by tuning the synthesis conditions.
26

 It is well known 

that the oxygen vacancies when present at metal support interface can activate oxygen 

molecule and contribute to enhanced CO oxidation activity in supported gold 

catalysts.
27-28

 Thus controlling the size of gold NPs with enhanced metal support 

interfaces will show remarkably improved activity for CO oxidation. In our previous 

study we demonstrated Au@Ti-SiO2 nanocatalyst with Au NPs size around 8-10 nm 

to show appreciable activity for CO oxidation (20% conversion at room 

temperature).
29

 In the present work small gold NPs (3-5nm) are encapsulated inside Ti  

modified silica shell and demonstrated for CO oxidation activity at low temperature. 

Generally the oxide supported small Au nanoparticles are synthesised by deposition-
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precipitation, co-precipitation or chemical vapour deposition method.
8
 But the liquid 

phase methods are not efficient for support like silica due to weak interaction of gold 

NPs with silica which causes NPs agglomeration.
8,30

 To maintain the size of gold NPs 

silica surface is generally modified with organic silanes forming functionalized 

silica.
31-33

 Synthesis of Au@SiO2 by conventional StÖbers method is difficult and 

works only for large size nanoparticles in a low yield.
34

 This makes it difficult to 

achieve large-scale production with no significant interest to the catalysis community. 

Another method for synthesizing Au@SiO2 with small sized gold NPs is by reverse 

micelle method
35-36 

where the synthesis is done in organic medium. Synthesis of small 

sized gold NPs encapsulated in SiO2 shell in aqueous medium with the exclusion of 

multiple steps is really a great challenge. The gold NPs have a strong tendency to 

agglomerate during encapsulation thereby losing their efficiency for catalytic 

reactions. In this chapter we report the synthesis of Au@SiO2 catalyst for CO 

oxidation by sol gel method using APTMS as the organic modifier and linker to silica. 

The novelty of the work lies in the synthesis of Au@SiO2 catalyst in aqueous medium 

in a short time using PVP as the stabilizer for the gold NPs of size ~ 5 nm. PVP is a 

well-known stabilizer for gold NPs and results in very small gold NPs.
37,38

 The PVP 

stabilized gold ions have been encapsulated by co-condensation of 3-

aminopropyltrimethoxysilane (APTMS) with tetraethylorthosilicate (TEOS) in 

aqueous medium. The encapsulated gold ions are further reduced by sodium 

borohydride (NaBH4) thus forming Au@SiO2 catalyst. The silica shell once formed is 

again modified with titanium using titaniumtetraisopropoxide (TIP) as the Ti source 

forming highly active Au@Ti-SiO2 catalyst. By this way the synthesis of core shell 

Au@Ti-SiO2 with sub 5 nm size of gold NPs is reported for the first time. The amount 

of titanium is also varied by modifying the Si/Ti weight ratio. APTMS plays the role 

of linker between gold ions and silica thus enhancing the interaction of gold ions with 

silica
39

. The synthesised core shell material has been examined for gas phase CO 

oxidation and propene epoxidation 
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2.2 Experimental 

2.2.1 Synthesis of Core-shell Au@SiO2 

Au@SiO2 catalyst was prepared by sol gel method with co- condensation of TEOS 

and APTMS. 15 mL of 8.3 mM gold precursor was taken and 500 mg of PVP was 

added to it. The solution was stirred for 20 min at room temperature. Then the solution 

was transferred to an oil bath already set at 40
o
C. To this solution 800 µL of NH3 was 

added followed by the addition of APTMS and TEOS in a volume ratio of 10. The 

solution was stirred for 2-2.5 h at 40
o
C. The catalyst was collected by centrifugation 

and washed with millipore water thrice. The catalyst was kept for drying at 70
o
C. 

After drying, 350 mg of the catalyst was dispersed in 15 ml of water to which 1mL of 

freshly prepared 0.1 M ice cold NaBH4 solution was added. The solution turned brown 

red indicating the reduction of gold ions to metallic gold. The catalyst was again 

centrifuged and washed with millipore water and dried at 70
o
C. Finally the catalyst 

was calcined at 550
o
C for 6 h to remove organic species and PVP, to form the 

Au@SiO2 (AS) catalyst. 

2.2.2. Synthesis of Au@Ti-SiO2 

The synthesis procedure for Au@Ti-SiO2 catalyst was same as that of Au@SiO2 

except that TIP was added as titanium precursor. After the addition of TEOS silica 

precursor, the solution was stirred for 2-2.5 h. After this, required amount of titanium 

precursor TIP (dissolved in ethanol) was added. To maintain Si/Ti weight ratio 10, 

100µL and for Si/Ti ratio 50, 30µL of TIP dissolved in 2mL of ethanol was added. 

The solution was again stirred for another 30 min. The rest of the procedure was same 

as that of Au@SiO2 catalyst. The single batch synthesis yielded 350 mg of the catalyst. 

The synthesis procedure has been illustrated in scheme 2.1. 

2.2.3 Catalysts Characterization 

To prepare the specimen for TEM/STEM, the samples were dispersed in ethanol by 

ultrasonication and a drop of this dispersion was placed on a holey carbon grid and 

dried. Transmission electron microscopy analysis was done with a Tecnai (Model F30) 

operating at 300 kV acceleration voltage. AC-TEM/STEM analysis at 80 kV was 

performed on Titan Cubed Themis 300 double corrected (probe and image) 

microscope equipped with a high brightness electron gun, monochromator, Super-X 

EDS detector and GatanEnfinium EELS spectrometer. 
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            Scheme 2.1 Synthesis of Au@SiO2/Au@Ti-SiO2 catalyst via sol gel method 

 

STEM Images were acquired with the HAADF detector. TEM and HRTEM images 

were acquired with the CETA camera. EDS mapping, line scan analysis and spectra 

were collected with the BrukerEspirit software. HAADF-STEM tomography was 

performed on a FEI Titan ChemiSTEM equipped with a probe corrector. The 

tomography tilt series acquisition was carried out at an accelerating voltage of 80 kV. 

A convergence angle of 12 mrad and a probe current of 0.1 nA were employed. The 

specimen was loaded on to a FEI single tilt holder and automated tilt series acquisition 

was carried out using the tomography component in TIA software. HAADF images 

were acquired in the tilt range of -60° to +64° using a 3° increment up to 50° and 2° 

above that. The projection images were aligned using a cross-correlation algorithm 

and reconstructed using simultaneous iterative reconstruction technique (SIRT) using 

20 iterations as implemented in the FEI Inspect 3D software.  Amira software was 

used for 3D visualization.  

UV-Visible analysis was done by Shimadzu 2700 Spectrophotometer with dual beam 

source equipped with diffuse reflectance attachment by taking BaSO4 as the reference.  

Wide angle XRD analysis was recorded on Rigaku D MAX CuKα radiation with λ= 

1.54 A
o 

from 10
o
 to 90

o
 at the scan rate of 4

o
/min. Nitrogen adsorption/desorption 

isotherms were collected by using Autosorb 1C Quantachrome, USA. The sample was 

first degassed at 250
o
C for 3h. After degassing the adsorption and desorption of N2 

was done at -196
o
C. The specific surface area was calculated by BET model. The pore 
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size distribution was calculated by using BJH method. The UV-resonance Raman 

spectroscopy analysis was done using 264nm excitation wavelength generated by 

tunable Ti:sapphire Laser (Indigo, Coherent Inc.). The average power used was 0.6 

mW. Calibration was done by recording the spectra of dimethylformamide, 

cyclohexane, acetonitrile, and trichloroethylene with known band positions. Infrared 

spectroscopy measurements were done by Bruker FT-IR instrument using KBr as the 

reference. The sample was made in the form of KBr pellets.  

X-ray Absorption Spectroscopy (XAS) had been carried out at Ti K edge in 

fluorescence mode at the Scanning EXAFS Beamline (BL-9) at the INDUS-2 

Synchrotron Source (2.5 GeV, 100 mA) at the Raja Ramanna Centre for Advanced 

Technology (RRCAT), Indore, India. The beamline used a double crystal 

monochromator (DCM) which worked in the photon energy range of 4-25 KeV with a 

resolution (E/ΔE) of 10
4
 at 10 KeV. A 1.5 m horizontal pre-mirror with meridional 

cylindrical curvature was used prior to the DCM for collimation of the beam and 

higher harmonic rejection.  The second crystal of the DCM was a sagittal cylinder 

with radius of curvature in the range 1.28-12.91 meters which provided horizontal 

focusing to the beam while another Rh/Pt coated bendable post mirror facing down 

was used for vertical focusing of the beam at the sample position. For measurements 

in the fluorescence mode, the sample was placed at 45
o
 to the incident X-ray beam and 

the fluorescence signal ( fI ) was detected using a Si drift detector placed at 90
o
 to the 

incident X-ray beam. An ionization chamber detector was used prior to the sample to 

measure the incident X ray flux ( 0I ) and the absorbance of the sample (
0I

I f
 ) is 

obtained as a function of energy by scanning the monochromator over the specified 

energy range. 

The analysis of the EXAFS data had been carried out following the standard procedure using 

the IFEFFIT software package. This includes data reduction and Fourier transform to derive 

the ( )R  versus R plots from the absorption spectra, generation of the theoretical EXAFS 

spectra starting from an assumed crystallographic structure and finally fitting of the 

experimental ( )R versus R data with the theoretical ones using the FEFF 6.0 code. 

The structural parameters (i.e space group, lattice parameter, Wyckoff positions of the 

atoms), those had been used to generate the Fourier transformed theoretical )(R  versus R 
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spectra were obtained from the Rietveld refined XRD data provided. The bond distances, co-

ordination numbers (including scattering amplitudes) and disorder (Debye-Waller) factors (

2 ), which give the mean-square fluctuations in the distances, had been used as fitting 

parameters. The k range for Fourier transform and the R  range for data fitting had been 

chosen in such a way that in each case during fitting, the number of free variables were 

always kept below the upper limit set by Nyquist theorem (Nfree= 2ΔkΔr/π + 1) . The 

goodness of the fit in the above process is generally expressed by the R factor which is defined 

as: 

 





22

22

)]([Re()]([Im(

)]()([Re()]()([Im(

idatidat

ithidatithidat
factor

rr

rrrr
R




                                

where, χdat and χdat  refer to the experimental and theoretical )(R values respectively and Im 

and Re refer to the imaginary and real parts of the respective quantities.  

XPS was done using VG ESCA 3000 model with Al kα, dual anode as the X-Ray 

source (1486.6 eV) operating at a pass energy of 50 eV. Peak fitting was carried out 

using Casa XPS software with a Shirley background. All the binding energies were 

calibrated with respect to C1s as the reference (284.6 eV). 

2.2.4 Catalytic Activity Test 

2.2.4.1 CO Oxidation: The applicability and stability of all the catalysts for CO 

oxidation were performed from room temperature to 300
o
C. The catalyst tests were 

performed under atmospheric pressure in a fixed bed reactor of diameter 14 mm. Mass 

flow controllers were used to control the flow of CO, O2 and N2 gases. The reactor was 

placed in a tubular furnace with a uniform heating zone of 4 cm furnished with a 

temperature controller radix 6400. A K-type thermocouple placed in the thermowell 

was used to measure the catalyst bed temperature. The flow rate of reaction gases was 

50 mL/min (CO:O2:N2=1:5:19) with a GHSV (Gas Hourly Space velocity)  of 30,000 

cm
3
/gcat/h. The conversion reported was performed in the steady state with a ramping 

rate of 2
o
C/min and held at various temperatures for 10 min for equilibration. The 

reactor outflow was analyzed by using a gas chromatograph equipped with online gas 

sampling valve, 91.44 cm molecular sieve 13 × columns and a thermal conductivity 

detector (TCD). The percentage conversion of CO was calculated using the formula = 

COin- COout/COin× 100. 
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2.2.4.2 Propene Epoxidation: Gas phase propene epoxidation reaction in the 

presence of molecular H2 and O2 were conducted in Technical University of 

Eindhoven, The Netherlands. Catalytic tests were performed at atmospheric pressure 

in a fix bed reactor. In a typical test, 150 mg of catalyst was loaded in a quartz reactor 

with inner diameter 6 nm and placed in a tubular oven. The flow of the reactant gases 

was adjusted to 25 ml/min (with a ratio of 1H2: 1O2: 1C3H6: 7Ar) with a GHSV of 

10,000ml/gcat/h. A typical reaction cycle was 5 h followed by regeneration step in the 

presence of 10 vol% O2 in He at 573 K for 1 h. The reaction cycles were carried out in 

the temperature range 423-493 K and rate of each cycle was calculated as the average 

rate for the reaction performed between 150 min to 300 min on time stream. The 

propylene conversion and selectivity to PO were expressed as:  

 
Conversion (%) = [moles of (products)/moles of propene in feed] x100 

            Selectivity (%) = [moles of PO/moles of (products)] x100 

 
H2 efficiency was calculated as: 

H2(%) = [rPO/(rPO+rH2O)] x 100 

Where rPO and rH2O were rates of PO and H2O produced respectively. 

 

2.3 Results and Discussion 

The synthesised Au@SiO2 and Au@Ti-SiO2 nanocatalysts were characterized by 

various spectroscopy and microscopy techniques such as XRD, ICP-OES, solid state 

UV-Visible Spectroscopy, Surface area measurement, IR spectroscopy, UV-Raman 

spectroscopy, Synchrotron X-ray Absorption Spectroscopy (XAS), XPS, TEM and 

STEM. 

 

2.3.1 X-ray Diffraction  

The XRD pattern of the catalysts showed the reflections from different planes of FCC 

gold (Figure 2.1a). Here AOTS and AOS denoted gold encapsulated in titanosilicate 

and silica shell respectively prior to NaBH4 reduction and calcination and ATS and AS 

denote the encapsulated gold in titanosilicate and silica respectively after NaBH4 

reduction and calcination. The numbers 10 and 50 in AOTS and ATS samples refer to 

the Si/Ti weight ratio. All the samples showed broad peaks at 2θ=23° of amorphous 

silica.  
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                 Figure 2.1 XRD plots of as synthesized and calcined AS and ATS catalysts. 

The reflections for phase segregated TiO2 was absent in all the samples indicating the 

incorporation of titanium in the silica matrix. The possibility of small titania 

aggregates could not be ruled out, but was beyond the detection limit of XRD. All the 

samples showed the reflections of metallic gold at 2θ = 38.3
o 

indicating that gold was 

present in FCC phase but the intensity was substantially higher in AS and ATS 

samples due to the complete reduction of gold ions by NaBH4 and further after 

calcination. The appearance of gold reflections in AOTS was due to the reduction of 

some of the gold ions by PVP during synthesis, which grew further in size after 

NaBH4 reduction and calcination. In Figure 2.1b ATS 5 catalyst was also included to 

show that particle size increased after increasing the titanium loading from ATS 50 to 

ATS 5. 

 

2.3.2 ICP-AES  

ICP-AES analysis was done to estimate the loading of titanium in the ATS 10 and 

ATS 50. Ti loading for ATS10 and 50 were 2.5 and 0.98 wt % respectively. The gold 

loading for ATS 10 and ATS 50 as calculated by ICP analysis was 3.5wt% and for AS 

it was 4wt%. Though the gold precursor amount was same in all the samples, the 

difference in the ICP values in ATS and AS can be due to the repeated washing during 

centrifugation.  

 

2.3.3 DRUV-visible Spectroscopy 

DRUV-visible spectroscopy is a useful tool to know the coordination of Ti in silica 

matrix. The solid state UV visible spectra of as synthesised and calcined nanocatalysts 

were shown in Figure 2.2. 
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UV-Visible spectra for AOS and AOTS catalysts showed no peak in the region of 500-

600 nm (Figure 2.2a) whereas all the reduced catalysts showed gold plasmon band at 

515 nm (Figure 2.2b). 

 

 

 

 

 

 

 

 

      Figure 2.2 DRUV-visible spectra of (a) as synthesised (b) reduced and calcined catalysts  

There was a slight shift in SPR band towards the higher wavelength for ATS 10, 

which indicates an increase in gold nanoparticles size. The band at 230 nm represents 

the titanium present in tetrahedral coordination in the silica matrix. The exact position 

of this band is 220 nm if titanium is isomorphously substituted in silica framework 

with tetrahedral coordination.
29

 The red shift in this band is reported to be due to 

distorted tetrahedral coordination of titanium.
40

 The band at 260-270 nm was also 

present which may be due to the presence of some penta or hexa coordinated Ti 

species due to ligation of titanium with water molecules or may be due to presence of 

some extra framework titanium species.
41

 The absence of band after 330 nm confirms 

that bulk titania was not present in the sample. 

 

2.3.4 N2 Porosimetry  

The textural property of the catalysts was evaluated by surface area analysis. 

Figure2.3a shows the N2 adsorption/desorption isotherm for the AS and ATS catalysts. 

All the samples showed type IV hysteresis loop which is indicative of mesoporous 

materials.
42

The surface area of gold-silica (AS) catalyst was 153 m
2
/gm. Incorporation 

of titanium in silica increased the surface area of both ATS catalysts. The surface area 

obtained for ATS10 and ATS50 were 244 and 203 m
2
/gm respectively.  

ATS10 and ATS50 showed H3 type hysteresis loop which could be attributed to the 

slit like pores present in the catalysts.
42
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         Figure 2.3 (a) N2 adsorption and (b) pore size distribution of AS and ATS catalysts. 

 

Figure 2.3b shows the pore size distribution of the three catalysts. The pore size was 

measured from BJH pore size distribution with average pore radius of 2.0 nm. The 

unmodified AS catalyst showed only one type of pore with radius around 2.0 nm. But 

ATS 10 and ATS50 catalysts showed bimodal pores with pore radius 2.0 nm and 2.5 

nm. The appearance of larger pores in both the ATS catalysts can be due to 

incorporation of titanium in silica matrix. Since the ionic radius of Ti
4+

 is greater than 

Si
4+

 (Si
4+

=0.48 A
o
 and Ti

4+
=0.68 A

o
) the exchange of some of the Si

4+
 ions by Ti

4+
 in 

silica matrix caused the pore enlargement.
43 

 

2.3.5 Electron Microscopy  

The TEM analysis of our catalysts revealed the morphology and particle size of the 

catalysts. Figure 2.4 shows the TEM images of all the AS and ATS catalysts. The 

TEM images of AS (Figure 2.4a and b) nanocatalyst showed that gold NPs size is very 

small and are encapsulated in silica shell. Some particles were observed as 

agglomerated larger particles outside core shell organization, which could not get 

encapsulated during silica encapsulation. The TEM images also revealed that most of 

the gold NPs size was less than 5 nm.  The overall particle size of core shell structure 

was around 20 nm. After the incorporation of titanium in silica matrix both the ATS 

catalysts retained the core shell morphology. Though the particle size increased after 

titanium loading (consistent with the UV-Vis observation) most of the particles fall in 
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the size regime of 5 nm.  Figure 2.4 (c) and (d) show the TEM images of ATS 50 

nanocatalyst. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 TEM images of (a, b) AS (c, d) ATS 50 and (e, f) ATS 10 catalysts. Scale bar: (a-c) 

20 nm (d) 10 nm (e-f) 20 nm  

 

The TEM images revealed that even after the incorporation of titanium in silica matrix 

most of the gold NPs were less than 5nm in size and the catalyst did not lose its core 

shell morphology. The particle size calculated from Debye Scherer equation was 6.3 

nm which is slightly higher than observed with TEM. This is due to the presence of 

some larger particles formed out of the silica shell and contributed to the overall 

increase in particles size from XRD. The TEM analysis of ATS 50 catalyst did not 

show the presence of phase separated titania which indicates the incorporation of 

titanium inside silica shell (Figure 2.5a). The particle size analysis from several TEM 

images showed that maximum particle size after titanium incorporation was 6-7 nm 

with most of the particle in the size regime of 2-4 nm. This shows the successful 

encapsulation of smaller gold nanoparticles via sol gel method. The TEM images of 

ATS 10 catalysts in Figure 2.4 (e and f) show some distortion in the morphology after 

increasing the titanium content which is obvious since introduction of foreign atom in 

silica lattice can destroy the core shell morphology. But the gold particle size was still 

lower even though some larger NPs were also present. Unlike ATS 50 catalyst the HR 

TEM image of ATS 10 (Figure 2.5b) catalyst shows the presence of phase segregated 
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nanodomains of titania in the silica matrix. The d spacing value 0.315 nm corresponds 

to (110) plane, 0.246 and 0.248 correspond to (101) planes of rutile TiO2 (JCPDS 

PDF# 782485). A careful observation of HRTEM shows that these titania particles are 

present in the close proximity of gold NPs as well as away from gold NPs. 

 
Figure 2.5(a) HRTEM image of ATS 50   (no phase segregated TiO2 particles).  (b) HRTEM image of 

ATS 10 showing the presence of phase separated TiO2 

The STEM EDS mapping of the ATS 50 in Figure 2.6 showed the presence of 

titanium which was evenly distributed inside silica lattice. Interestingly, the EDS 

mapping indicated that the larger gold nanoparticles which were not encapsulated 

lacked the proximity with titanium. Presence of titanium was clearly seen in silica 

shell along with smaller gold nanoparticles. Thus a combined HRTEM and STEM 

analysis of this catalyst did not show any features of phase separated TiO2 which 

indicates that ATS 50 had titanium which was incorporated in silica and in close 

proximity with small gold nanoparticles. STEM EDS images of ATS 10 catalyst can 

be seen in Figure 2.7. The presence of titanium in the form of small clusters was 

clearly visible in this catalyst. 
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Figure 2.6 (a) HAADF-STEM image of ATS 50. (b-f) STEM-EDS mapping of individual elements. 

(Scale bar 20 nm) 

These small clusters were visible in HRTEM (Figure 2.5b) as well as in STEM –HAADF 

images of ATS 10 catalyst (Figure 2.7b and f). These TiO2 clusters were present in close 

proximity of gold nanoparticles and also outside the silica matrix. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7(a) HAADF-STEM image of ATS 10. (b-f) STEM-EDS mapping of individual elements. 

(Scale bar 20 nm) 
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Thereby increase in the titanium loading showed a marginal increase in the particle size of 

along with phase segregation of TiO2. Further increasing the Ti loading in the catalyst to 

Si/Ti ratio 5 and denoted by ATS 5 resulted in increased Au particle size (8-10 nm) as well 

complete loss in morphology (Figure 2.8). So we restricted our characterization and catalysis 

activity test to ATS 10 and ATS 50. 

 

                       Figure 2.8 TEM images of ATS 5 catalyst. Scale bar: (a) 20 nm (b) 10 nm. 

2.3.6 IR Spectroscopy  

The incorporation of titanium in the silica matrix was examined by IR spectroscopy 

for both the ATS nanocatalysts and compared with AS. Figure 2.9 showed the IR 

spectra of pure AS and ATS catalysts. The vibrational band from 1035-1228 cm
-1

 was 

originated from the asymmetric stretching vibration of Si-O-Si bond. There was slight 

broadening of this band after incorporation of titanium. The band at 960 cm
-1 

observed 

for the catalysts has been interpreted by Boccuti et al to vibrations from Si-O-X bond 

(where X= H or Ti) .
44 

This band became more pronounced as the titanium content 

increased indicating larger incorporation of titanium in silica matrix. The shift in this 

happened was due to increased degeneracy of elongation vibration of the tetrahedral 

structure of the SiO4 induced by incorporation of titanium.
45 

The intensity of band at 

800 cm
-1

 decreased with increased loading of titanium which indirectly pointed to the 

replacement of some Si
4+ 

with Ti
4+

 ions. The intensity of band at 1630 cm
-1

 increased 

by incorporation of titanium in silica. This band corresponds to the bending frequency 
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of water and shows increase in hydrophilicity of the system after titanium 

incorporation. 

 

 

 

 

 

 

 

 

 

 

 

 

                                          Figure 2.9 IR spectra of AS and ATS catalysts 

 

2.3.7 Raman Spectroscopy 

Figure 2.10 (a) shows the Raman and (b) UV-Raman spectra of ATS 10 and ATS 50 

catalysts done at 632 nm and 264 nm laser wavelengths respectively. Raman analysis 

done at the visible laser source (632 nm) showed that ATS 10 catalyst had most of the 

reflections of titania. The band at 600-650 cm
-1

 corresponds to anatase and rutile 

titania
46

 and corroborates the HRTEM results of ATS 10 (Figure 2.5b). But this band 

is absent in ATS 50 catalyst which shows that the titanium is well distributed in silica 

matrix. However the band at 700 cm
-1

 can be seen in Raman spectrum of Figure 2.10a 

of both the catalysts (more intense in ATS 10) which is due to the presence of 

amorphous non framework titanium species.
47,48

 This band can be correlated with UV-

visible band at 260-270 nm which corresponds to the penta or hexa coordinated 

titanium due to ligation of water or presence of amorphous non framework titanium.
41 

But Raman analysis confirms that this multi coordination was due to presence of 

amorphous extra framework titanium species.  
  



 
New Formulation for Noble Metal (Au, Pd) Supported Metal Oxides and Their Catalytic Applications  

 

Ph.D Thesis; December-2018: CSIR-NCL; Chapter-2 Page 44 
 

But ligation of water can be ruled out as the Raman band at 700 cm
-1

 clearly shows the 

presence of amorphous extra framework titanium.
47,48

 The 632 nm laser source gives 

very weak reflections for framework titanium which usually comes after 1100 cm
-1

.To 

overcome this difficulty we performed UV Raman analysis for both the samples at 264 

nm laser source. UV Raman is a powerful tool to identify the incorporation of 

transition metals in the silica framework.
49 

The transition metal ions substituted in the 

framework of silica show a charge transfer between metal ions and framework oxygen 

anions in the UV region. Therefore UV laser can be used to excite these transitions to 

obtain UV resonance Raman spectra. Taking advantage of this property framework 

transition metal ion can be selectively detected by UV Raman spectroscopy.
50

 Thus, 

this technique is highly sensitive to the presence of framework and non framework Ti 

present in silica matrix. 

 

Figure 2.10 (a) Raman and (b) UV Raman  spectra of ATS 10 and 50 catalysts in different 

regions. 632 nm and 234 nm Lasers were used for Raman and UV-Raman analysis 

respectively. 

The band at 1125 cm
-1 

in Figure 2.10b can be assigned to the framework titanium 

species
49

.  But due to poor adjustment of laser in 400-800 nm window, we could not 

get useful information regarding framework and non framework titanium species so 

we restricted our spectrum in 1000-1200 window where we could get a well 

distinguished peak for framework titanium. Also the extra framework anatase or rutile 

titania bands were comparatively weaker than the framework titanium species when 

excited with UV Raman laser source which could be another reason of not getting 
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clear bands in 400-800 nm region. This phenomenon is due to the occurrence of non 

radiation and fluorescence processes in TiO2 when excited with UV light.
49

 

Hence Raman and UV Raman analysis confirmed the presence of both framework as 

well as non framework Ti species in ATS 10 and 50 samples and match well with UV 

-visible and HRTEM results. 

 

2.3.8 X-ray Absorption Spectroscopy (XAS)   

XANES represents the electronic transition from the inner levels to the outer unoccupied 

levels caused by the absorption of X-rays and gives the information about the local 

environment around the absorbing atom. To know about the coordination of titanium in the 

silica matrix XAS analysis was performed for ATS 10 and ATS 50 catalysts. To make this 

comparison clear we included ATS 5 sample with very high Si/Ti ratio 5. The characteristics 

feature in Ti K-edge is the pre edge caused by the excitation of 1s electrons into an empty 

bound state derived from d and p states of Ti and O 
41

.  XAS spectra of all the samples are 

shown in Figure 2.11. The XANES spectrum of ATS samples along with Ti metal and 

anatase TiO2 standards was shown in Figure 2.11a. The pre edge intensity or shape of the Ti-

K edge XANES spectrum determines the coordination of titanium in silica matrix. The 

XANES spectra of the samples showed pre edge feature at 4970 eV which is characteristic of 

four coordinated Ti cations.
51

 The intensity of the pre edge peaks of all the ATS samples 

matched to the intensity of anatase TiO2 standard but with a vastly different peak shape from 

anatase TiO2. It showed that along with the presence of distorted tetrahedral titanium some 

penta or hexa coordinated titanium was also present which made the pre edge peak less 

intense as well as broad.
51 

This corroborates the HRTEM of ATS 10 which shows the 

presence of some TiO2 clusters. Figure 2.11b showed the experimental (r) versus r plots 

of the ATS samples at Ti K edge along with the best fit theoretical plots.  The results 

from fitting were tabulated in Table 2.1. 

It was clear from the Table 2.1 that titanium was present in the tetrahedral 

coordination in all the samples. A slight increase in coordination no. with increase in 

titanium loading might be due to the presence of some octahedral titanium. Also the 

Ti-O bond distance was shorter than anatase TiO2 (1.93 Å) showing the absence of 

bulk TiO2. 

 



 
New Formulation for Noble Metal (Au, Pd) Supported Metal Oxides and Their Catalytic Applications  

 

Ph.D Thesis; December-2018: CSIR-NCL; Chapter-2 Page 46 
 

 

Figure 2.11 (a) XANES and (b) EXAFS spectra of ATS samples. 

              

 
Table 2.1 Fitting results of EXAFS where r is Ti-O bond distance, C. No. is coordination no. 

around Ti atom and σ
2 
is the Debye Waller factor.  

 

The single scattering path of Ti by neighbouring Ti atoms in TiO2 is expected to give 

two peaks in the range of 2.7 Å
 
and 3.6 Å corresponding to edge shared octahedra and 

corner shared octahedra respectively. These FT peaks were shifted down to lower 

values due to decreasing particle size as surface to volume ratio and number of 

distorted sites at the surface increases as particle size decreases.
52

 Figure 2.11b showed 

the presence of a peak just below 2.5 Å in ATS 5 and ATS 10 samples which 

corresponds to the Ti-Ti coordination confirming the presence of small TiO2 clusters 

or hexacoordinated titanium in high loading ATS samples.
52

 The coordination no.for 

all the three samples showed only slight variation which might be due to the presence 

of mixed states of Ti-O-Ti as well as Ti-O-Si.  

 

 

Sample name r (Å) C.No. σ
2
 

ATS 5 1.83 4.2 0.004 

ATS 10 1.84 4.1 0.004 

ATS 50 1.85 3.8 0.007 

(a) (b) 
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2.3.9 X-ray Photoelectron Spectroscopy  

Figure 2.12 showed the Ti 2p XPS plot of ATS 50 calcined and reduced samples. 

Reduction was done at 400
o
C for 1h in H2 flow. Calcined sample showed a symmetric 

Ti 2p3/2 peak at 459 eV typical for Ti
4+

 ions which matches well with titanosilicates.
.53

 

But after reduction treatment a well developed shoulder could be identified at 457.6 

eV along with 459 eV peak. The former binding energy value matches well with Ti
3+

 

ions generated during the reduction of Ti
4+

 underhydrogen.
54 

These sites can contribute 

to the activity enhancement for catalytic reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 Ti 2p XPS plot for ATS 50 calcined and reduced catalyst. 

 

2.3.10 Catalytic Activity 

The synthesised nanocatalysts were tested for gas phase CO oxidation and propene 

epoxidation reactions. The details of the reaction procedures have been provided in the 

experimental section.  

2.3.10.A CO Oxidation  

The catalytic activity of AS and ATS nanocatalysts was tested for CO oxidation. 

Figure 2.13a showed the activity of AS and ATS calcined nanocatalysts. The activity 

of the calcined AS catalyst started after 150
o
C and showed only 66% conversion up to 

300
o
C. This is similar to Au-SiO2 system reported previously.

55-56 
But the catalytic 
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activity of ATS 10 and ATS 50 was much higher as compared to AS achieving full 

conversion after 180
o
C. This enhanced activity can be attributed to the incorporation 

of titanium in the silica matrix. Among all the calcined catalysts ATS 50 showed the 

highest activity with 15% conversion at 60
o
C. The reason for this enhanced activity in 

ATS 50 can be related to gold nanoparticles size. The frequency of smaller gold 

particles is higher in ATS 50 as compared to ATS 10 which is responsible for the low 

temperature activity of ATS 50. The optimum size of gold NPs to be catalytically 

active at room temperature is 3-5nm
9
 which was more for ATS 50 catalyst. 

Another reason for enhanced activity of ATS 50 calcined sample could be 

isomorphous distribution of titanium in silica matrix as can be seen from the STEM-

EDS elemental mapping. The smaller gold NPs in close vicinity of titanium were able 

tocatalyze the reaction at room temperature. 

  

     Figure 2.13 CO oxidation activity of AS and ATS (a) calcined and (b) reduced catalysts 

 

Further the CO oxidation activity was tested for all the catalysts pre-treated in 

hydrogen flow at 400
o
C for 1 hr (Figure 2.13b). This mild reduction step resulted in 

activity improvement for all the catalysts. The activity of reduced AS catalyst was 

shifted to low temperature ca 60
o
C. This increment in the activity of AS catalyst can 

be explained on the basis of oxygen vacancy or E-centre generation under the H2 flow. 

It has been shown by Rombi et al. that gold nanoparticles of size below 5 nm 

supported on SBA-15 show room temperature activity when thermally treated under 

H2 atmosphere at 400
o
C.

28 
The generation of E-centres or oxygen vacancies requires 

oxygen abstraction from silica and gold plays a key role in the E-centre generation.
27

 

This process is triggered by gold NPs by dissociatively adsorbing hydrogen molecule. 
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These E-centres are able to activate oxygen molecule by forming superoxide species, 

O
2- 

which is responsible for the catalytic activity demonstration at low temperatures.
28

 

In the present study also the activity enhancement after H2 treatment could be 

attributed to generation of E-centres in silica support. 

Though the activity towards CO oxidation after reduction step was improved for all 

the catalysts the appreciable change could be observed in ATS 10 and ATS 50 

catalysts. It is clear from Figure 2.13b that activity of both the reduced catalysts had 

been shifted to room temperature with full conversion at 100
o
C for ATS 50 and 80

o
C 

for ATS 10. On comparing the activity of ATS 10 and ATS 50 reduced catalysts, ATS 

10 showed marginally better activity than that of ATS 50 though ATS 10 had slightly 

bigger particles than ATS 50. The reduction in hydrogen can create oxygen vacancies 

in both framework and non framework titanium (segregated TiO2 particles in 

proximity with Au). Support for this also comes from our XPS analysis which gave 

clear indication of Ti
3+

 species after reduction pre-treatment. Since, Au/TiO2 is a well 

known system for CO oxidation at low temperature 
9-11

 and the presence of small TiO2 

clusters in close proximity of gold (as revealed in HRTEM analysis) can be the reason 

for ATS 10 catalyst to show marginally better activity than ATS 50 after hydrogen 

treatment. Oxygen activation is the most difficult and rate determining step in CO 

oxidation with highest activation barrier and oxygen is known to activate at these 

oxygen vacancies present at the perimeter of Au and support.
57

 CO oxidation plot for 

ATS 5 red catalyst is also shown in Figure 2.14. As expected ATS 5 did not show 

room temperature activity like ATS 10 and 50. This is because of the presence of 

larger gold nanoparticles which were not active at room temperature. But this catalyst 

showed better activity than AS catalyst because of the presence of TiO2 clusters. Thus, 

activity of ATS 5 after 100
 o

C can be attributed to the gold NPs of size 8-10 nm which 

were close to TiO2. 

The CO oxidation activity has been found to critically depend on the various pre-

treatments given to the catalyst prior to or after the reaction.
58-59 

These treatments can 

increase as well as decrease the catalytic activity. In the present report we have shown 

that hydrogen treatment given to all the catalysts increased the activity by shifting the 

onset temperature to room temperature due to increased oxygen vacancy generation. In 

our previous report we have found that nitrogen treatment given to the catalyst 

enhanced the activity showing almost 70% conversion even at room temperature.
29
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                         Figure 2.14 CO Oxidation activity of ATS catalyst after reduction. 

 By treating 1
st
 cycle spent catalyst in nitrogen flow at 160

o
C for 1hr resulted in 

tremendous activity enhancement with 100% conversion for ATS 10 catalyst at room 

temperature (Figure 2.13b). A similar enhancement in activity was also observed for 

ATS 50 and AS catalysts. We assume this behaviour to be due to the removal of 

carbonaceous species (formed during reaction) under nitrogen flow at high 

temperature. Debeila et al. has also shown the effect of nitrogen treatment on the 

Au/TiO2 and Au/TiO2-In2O3 catalysts and observed an increase in the activity in the 

second cycle.
60 

It was attributed to the removal of the carbonaceous species when the 

catalyst was treated under nitrogen flow. So the nitrogen treatment for the spent 

catalysts has proved to be efficient and made both the ATS 10 and 50 catalysts highly 

active at room temperature. To further check the stability of the catalysts, ATS 10 and 

ATS 50 catalysts were tested for time on stream at 100
o
C (Figure 2.15). The catalysts 

showed full conversion for initial 2hr and then showed slight deactivation with almost 

93% conversion up to 6hr. The stability of both ATS catalysts for time on stream 

shows the advantage of encapsulation of smaller gold NPs inside the titanium 

modified silica shell. 
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                 Figure 2.15 Time on Stream CO oxidation plot of ATS 10 and 50 at 100
o
C 

The TEM images of the ATS 10 and ATS 50 spent catalysts showed that gold NPs 

size was still maintained which again points to the potential role of encapsulating gold 

NPs in titanium modified silica shell (Figure 2.16).  

 

               Figure 2.16 TEM images of spent (a) ATS 50 and (b) ATS 10 catalysts. 

In addition, the core-shell morphology of these catalysts was not lost completely after 

CO oxidation. This stability of the catalysts under reaction conditions can be credited 

to the core-shell morphology that makes the small sized gold NPs sinter resistant. 

 

(a) (b) 
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2.3.10.B Direct Synthesis of Propene Oxide (PO) 

PO also known as 1,2-epoxypropane or methyl oxirane is an important commodity 

chemical that can be produced economically in large scale plants with capacities of 

1,00,000 t/a. It is an important chemical intermediate for the production of various 

industrially important products such as polymers (polyether polyols, polyurethane), 

solvents (propylene glycol ethers) and industrial fluids (polyglycols, monopropylene 

glycols).
61 

Currently it is produced by several processes such as Chlorohydrin process, 

SMPO and MTBE/PO process, Cumene hydroperoxide method etc. But all these 

methods come with certain shortcomings such as generation of hazardous wastes, 

dependency on the co-product, use of extensive reactants and multiple processing 

steps.
62 

Hence it becomes imperative to move towards greener approach of synthesis 

methods. Gold based systems are highly desirable in this aspect. Au/Ti is a well 

known system for the direct synthesis of PO from molecular H2 and O2. The earliest 

catalyst in this regard was Au/TiO2 with Au NPs size of 2-5 nm. The catalyst showed 

>99% selectivity for PO at 323 K but conversion of propene was low (<1%) with a 

subsequent deactivation after 30 minutes.
63

 This led to development of other Au/Ti 

based catalysts where Ti was dispersed inside the silica matrix. These 

Au/Titanosilicate catalysts showed improved conversion while maintaining a high 

selectivity to PO. Various catalysts such as Au/TS-1, Au/Ti-MCM-41, Au/Ti-SBA-15, 

Au/Ti-SiO2 have been developed and studied for propene epoxidation.
64

 The most 

important properties that a Au/Ti catalyst must possess to show good conversion and 

selectivity for propene epoxidation are presence of isolated tetrahedral Ti
4+

 centres in 

close proximity of gold NPs of size 2-3 nm. Phase segregated titanium or octahedral 

Ti
4+

 sites and larger gold NPs result in formation of oxygenates other than PO.  

 

2.3.10.B.1 Reaction Mechanism 

Au/titanosilicate is a bi-functional catalyst where Au acts as the centre for H2O2 

production from H2 and O2 which is utilized by titanium sites for the oxidation of 

propene. H2O2 production is facile on small gold NPs and this insitu generated H2O2 

gets stabilized on isolated tetrahedral Ti
4+

 sites. Formation of hydroperoxy species on 

titanium sites are active oxidant which selectively produce PO.
65 

The concerted 

mechanism on Au-Ti interface has been shown in Figure 2.17. 
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          Figure 2.17 Possible reaction mechanism of propene epoxidation on Au-Ti system.
65

 

It is noteworthy that water is always a major by product produced in larger quantities 

than the stoichiometric amount. Water can result in direct combustion of H2 and form 

products other than PO.
66 

Phase segregated and octahedral titanium sites along with 

larger sized gold NPs do decompose H2O2 to water which forms undesired 

oxygenates. Thereby optimum sized gold NPs in close proximity of isolated 

tetrahedral titanium sites are indispensible for getting high conversion and selectivity 

for PO. 

  

2.3.10.B.2 Major Challenges 

The maximum conversion on Au-titanosilicate observed is 3-4% with a selectivity of 

>90% to PO. Major challenges in commercialization of this process are very low 

propene conversions (>10%), use of co-reactant i.e. H2 and catalysts deactivation. 

Also H2 and O2 mixture is potentially explosive thereby restricting the operational 

window. But use of H2 as co reactant is indispensible to obtain acceptable selectivity 

for PO. But excessive water formation by direct oxidation of H2 results in low H2 

efficiency. The acceptable conversion, selectivity and H2 efficiency values for 

commercialization of this process are > 10%, >90% and > 50% respectively. But still 

the dream of the commercialization the process has not been realized. Many efforts 

have been put forward to improve the activity and selectivity such as manipulating the 

gold deposition,
67

 using nanostructured and mesoporous TS-1,
68

silylation of 

titanosilicate
69

 to increase hydrophobicity of the system etc. Though better results have 
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been obtained using these modifications but still desired conversion and H2 efficiency 

have not been achieved. 

2.3.10.B.3 Propene epoxidation over ATS nanocatalyst 

Propene epoxidation on Au@Ti-SiO2 (ATS) covers a part of this chapter and effect of 

different titanium loading has been explored for PO formation. The characteristic 

properties of ATS-10 and ATS 50 catalysts have already been discussed in CO 

oxidation section. For a better comparison ATS 75 and ATS 25 catalysts were also 

synthesised. So the amount of titanium in ATS catalysts increased as: ATS 10 > ATS 

25 > ATS 50 > ATS 75. DRUV analysis of these catalysts (Figure A.1 in Appendix) 

showed SPR band at 510-520 nm typically for gold NPs. The UV region showed two 

bands at 230 and 280 nm which correspond to tetrahedral and octahedral Ti
4+

 sites 

respectively as explained in CO oxidation section. It was observed that inflection point 

for UV band was 300 nm for ATS 75 and ATS 50 while it was shifted to higher 

wavelength when titanium loading increased from ATS 25 to ATS 10. This indicates 

the presence of phase segregated titania though not in bulk but in nano form. Figure 

2.11b EXAFS spectra had shown presence of phase segregated titania when loading 

was increased from ATS 50 to ATS 10. The XRD of these catalysts (Figure A2 in 

Appendix) showed that the size of gold NPs increased with titanium amount which 

was due to destruction of morphology.  

The gas phase direct synthesis of propene oxide on these catalysts was tested in the 

molecular H2 and O2 and results can be seen in Figure 2.18.  

 

Figure 2.18(a) Comparison of conversion of propylene and selectivity for POand (b) Selectivity of all 

the products over ATS catalysts at 200 
o
C. *other products formed were acetaldehyde, propanal and 

acetone) 
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The activity plots for propene epoxidation showed that conversion was less than 2 % for all 

the ATS catalysts except ATS 10 where the conversion was 17%. The selectivity to PO was 

found to be maximum for ATS 50 (54%) and minimum for ATS 10 (negligible) even though 

its conversion was highest. The STEM images of these catalysts (Figure 2.6 and 2.7) had 

shown that ATS 10 catalyst possessed randomly distributed titania along with large sized AU 

NPs. Raman and EXAFS analysis for these samples had clearly shown the presence of phase 

segregated amorphous TiO2 in ATS 10 while ATS 50 showed tetrahedrally as well as 

octahedrally coordinated titanium sites. It has been found in literature that larger sized gold 

NPs can switch the epoxidation of propene to hydrogenation and propane is formed at non 

ignorable rates sometimes even as the major product irrespective of the support.
70

 In ATS 10 

catalysts the size of gold NPs was more than 5 nm as depicted from XRD as well as TEM. 

These larger sized gold NPs were responsible for switching the epoxidation to hydrogenation 

of propene. It has to be noted that Au NPs smaller than 2 nm also show propane as the major 

product despite in close proximity of isolated tetrahedral titanium sites.
70 

But the selectivity 

can be switched from propane to PO after modifying the catalyst with alkali like Na
+
 or K

+
.
71 

The maximum selectivity for PO over ATS catalysts obtained was 54% for ATS 50 followed 

by ATS 75 (44%) and then ATS 25 (10%). The low PO selectivity over our ATS catalysts 

can be explained on the basis of nature of titanium species present. Raman analysis results 

(Figure 2.10) showed the presence of amorphous octahedral titanium species in ATS 50 

sample. These species are more acidic in nature which can further involve in ring opening of 

PO formed and form other oxygenates such as propanal, acetaldehyde etc.
48

 Further 

increasing the titanium content from AST 50 to ATS 25 the amorphous titanium species 

further increased which produced propanal as the major product. It is noteworthy that size of 

Au NPs was optimum upto ATS 25 so the propane formation was negligible. But for ATS 10 

size of Au NPs was largest because of destruction of the morphology due to introduction of 

more amount of titanium in silica matrix and hence completely switched the selectivity from 

oxygenates to hydrogenation product propane. Propene epoxidation results showed that ATS 

50 was the best catalyst among all the ATS catalysts and the effect of reaction temperature on 

the selectivity for PO formation was examined and could be seen in table 2.2 and 2.3. It was 

observed that maximum selectivity for PO was obtained at 200 
o
C. Reaction temperature 

higher than 200 
o
C results in CO2 as the major product. As predicted water was always the 

major product at all the temperatures screened with an increase in rate with temperature due 

to combustion of H2.  
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Table 2.2 PO formation rates with respect to temperature over ATS 50 

 

Selectivity 130
o
C 150

 o
C 180

 o
C 200

 o
C 130

 o
C 

PO 17.46% 25.98% 45.52% 53.08% 10.93% 

Acetaldehyde 2.74% 3.18% 4.03% 4.13% 1.35% 

Acrolein 0.20% 0.17% 0.31% 0.25% 0.12% 

Propanal 14.14% 11.96% 10.93% 7.73% 7.39% 

C3H8 49.00% 38.76% 9.86% 2.44% 70.18% 

Acetone 12.74% 13.42% 16.78% 15.00% 8.26% 

CO2 2.74% 5.09% 10.08% 14.84% 1.49% 

  

                Table 2.3 Effect of reaction temperature on selectivity to PO over ATS 50 catalyst. 

2.4 Conclusion 

An easy and convenient synthesis methodology has been developed for the synthesis of 

Au@SiO2 nanocatalyst via one pot sol-gel method which was further modified with titanium. 

Amount of titanium was varied from Si/Ti ratio 75 to 10 with increase in titanium content. 

The size of the gold NPs was mostly 5 nm even after calcination at high temperature. This 

could be attributed to the encapsulation of gold NPs in the titanosilicate shell. The 

microscopic analysis performed on ATS catalysts showed that with an increase in titanium 

content from 1 % (ATS 50) to ATS 10 (2.5 wt%) titanium started segregating from silica 

matrix and small titania domains could be observed. Also, the size of gold NPs increased 

with increase in titanium content due to destruction in the morphology which resulted in non-

encapsulated Au NPs which sintered under high temperature calcination. The spectroscopy 

analyses performed on these catalysts showed that extra-framework titanium was present in 

T / 
o
C 130 150 180 200 130 

Conversion % 1.05 1.20 1.17 1.37 1.91 

Selectivity % 17.46 25.98 45.52 53.08 10.93 

Yield % 0.17 0.27 0.43 0.55 0.20 

H2 Efficiency 0.25 0.33 0.59 0.78 0.32 

Av. H2O rate (mol/(gcat*s)) 9.88E-06 1.50E-05 1.17E-05 1.12E-05 9.53E-06 

Av.  PO rate (gPO/(kgcat*h)) 4.03 5.86 10.03 12.82 4.81 
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all the ATS catalysts along with the presence of tetrahedral titanium more in the case of ATS 

10. The catalysts were screened for gas phase CO oxidation and propene epoxidation 

reactions. The CO oxidation results showed that the incorporation of titanium in the silica 

matrix results in improved activity. The pretreatment of the catalysts in flowing H2 resulted in 

further enhancement in the catalytic activity for CO oxidation with appreciable room 

temperature activity. This enhancement in the activity after hydrogen treatment was due to 

generation of oxygen vacancies in support near titanium sites which played a major role in O2 

activation under ambient conditions. This activated oxygen could easily react with CO at 

room temperature and resulted in improved catalytic activity. The treatment of the 1
st
 cycle 

spent catalyst in N2 resulted in tremendous activity enhancement with a full CO conversion at 

room temperature for ATS 10 catalyst due to removal of carbonaceous species from the 

catalyst surface. The propene epoxidation performed on these catalysts showed that ATS 50 

was the best catalyst with a selectivity of 53 % to PO at 200 
o
C. The ATS 10 catalyst which 

showed 100% conversion for CO oxidation at room temperature showed negligible 

selectivity to PO and formed propane as the major product. This was attributed to the 

presence of larger gold NPs with phase segregated titania. The CO oxidation and propene 

epoxidation results on the ATS catalysts showed that both the reactions show size 

dependency more crucial for propene epoxidation. For CO oxidation reaction, particles in the 

range of 5-7 nm could show activity at ambient temperature. The nature of titanium also did 

not affect the catalytic activity even the phase segregated titania in ATS 10 showed the better 

activity. In ATS 10 Au NPs present in the close proximity of titania or titanium (irrespective 

of tetra or octahedral coordination) showed appreciable activity under ambient conditions. 

Also the generation of oxygen vacancies in the titanium sites (whether titania or titanium in 

silica lattice) improved the activity due to easy activation of oxygen. But for propene 

epoxidation, to obtain good catalytic activity (mostly in terms of selectivity to PO) gold NPs 

of size 3-5 nm are prerequisite. These small NPs should be present in close proximity of 

tetrahedral titanium species to obtain appreciable selectivity for PO. In present case though 

the size of gold NPs was optimum the presence of amorphous titanium species decreased the 

selectivity to PO and a maximum of 53 % selectivity (with 1.4 % conversion) could be 

obtained on ATS 50 catalyst. The ATS 10 catalyst which showed excellent activity for CO 

oxidation could produce negligible amount of PO and selectivity was mostly for propane due 

to presence of comparatively larger particles. In short it can be said that both the reactions 

can happen on same catalyst but require different sites for getting appreciable activity. On 
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one side CO oxidation was independent of nature of titanium species and a marginal increase 

in the size did not affect the catalytic activity while on the other hand propene epoxidation 

strictly required particles of size 3-5 nm with isolated tetrahedral titanium sites. Deviation in 

any of the two resulted either in the formation of other oxygenates (ATS 50 due to 

amorphous titanium sites) or complete switch in selectivity from oxygenates to hydrogenated 

product (ATS 10 with larger sized Au NPs).  
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3.1 Introduction 

Metal NPs have attracted much attention in heterogeneous catalysis in past decades as 

compared to their bulk counterpart, all because of their remarkable properties such as high 

surface to volume ratio, tunable size and shapes etc.
1-3

 Among these unique properties, the 

NPs supply highly active centers which are not thermodynamically stable. But requirement of 

stable nanoparticles is indispensable for their desired applications for various catalytic 

reactions. Supported metal NPs are attractive in this regard and metal NPs supported on 

porous supports are the most potential candidate for catalysis due to their integral surface 

properties such as high surface area and pore size.
4
 Minimum diffusion limitations imposed 

by these porous materials during reactions is one of the most important properties of these 

materials. Porous materials especially mesoporous materials (2-50 nm pore size) are highly 

sought to supports for metal NPs. Silica is one of the largest class of porous materials due to 

its abundant availability, thermal stability and most importantly its tunable surface area, pore 

size, pore volume etc. Metal NPs supported on silica have been studied for various catalytic 

reactions and used in industrial catalysis.
5-8

 Even though silica has many advantages as 

supports its inactive nature for catalysis limits its use as a support. Also the negligible 

interaction with metal NPs results in their instability under thermal and reaction conditions 

which leads to NPs aggregation with concomitant loss in their catalytic activity. 

Encapsulation of small sized metal NPs inside the mesopores of silica is attractive due to 

restrictive motion of NPs.
9-12

 Since silica is inherently inactive in nature, the catalytic activity 

originates solely from the metal NPs which makes it possible to explore metal NPs dependent 

catalytic activity. It is well known that size of the metal NPs is one of the important criteria 

for obtaining an active catalyst and for noble metals like Au this criteria is even critical as 

supported Au NPs of size 3-5 nm are considered to be active for various reactions.
13

 Au and 

Pd are among the most important noble metals used for a large no. of catalytic reactions such 

as oxidation, hydrogenation, coupling reaction etc.
14-19

 Various chemical methods are in 

practice for synthesizing small NPs of Au, Pd on different supports out of which wet 

impregnation (WI), deposition precipitation (DP) methods and sol immobilization (SI) are the 

most common routes. This is because these methods are easy to apply and require less 

expensive inorganic metal precursors. All these methods are suitable for active supports like 

TiO2, CeO2, Fe2O3, Fe3O4, MnO2, and Co3O4 etc. due to their strong interaction with metal 

NPs which prevents NPs aggregation under reaction conditions.
20-22

 For support like silica 

these methods have certain limitations and often result in supporting large metals NPs on the 
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surface due to weak metal support interaction, which results in inactive material for catalytic 

applications. Among all the above mentioned chemical methods, DP is most suitable method 

for synthesis of supported metal NPs as it supports highly dispersed small metal NPs on the 

surface of the supports. Most of the Au based catalyst for various applications are synthesized 

via DP method. In this method the metal precursors such as chlorides (or nitrates) are 

precipitated on the surface of the supports mostly in the form of their hydroxides in the 

presence of precipitating agents such as NaOH, Na2CO3, urea etc.
23,24

 Thus alkaline 

conditions are required for synthesizing supported metal NPs using DP method. Usually, 

supports with high point of zero charge (PZC) i.e. neutral to basic, like TiO2, CeO2, MgO are 

suitable for DP but for supports like silica this method is highly incompatible.
25

 PZC can be 

defined as the pH at which the charge on the surface of the support is neutral and pH above or 

below PZC results in negative or positive charge on the surface of the support.
25

 PZC for 

silica is 2-3 and the desired alkaline for DP makes the surface of silica negatively charged. 

The most common precursors used for synthesizing supported Au and Pd based catalysts are 

their chloride precursors such as HAuCl4 and H2PdCl4 respectively. These precursors exist as 

[MCl4]
x-

 (x = no. of counter ion) in their solution form in water and as [MClx(OH)4-x]
y-

 under 

alkaline conditions. As already discussed the surface of silica is negatively charged under 

alkaline conditions which results in repulsion between negatively charged metal precursor 

and silica surface. This repulsion results in minute amount of metal loading on the silica 

surface leading to loss of expensive metals in the solution thereby desired metal loading can 

never be achieved. Also, the size of metal NPs becomes large due to negligible metal-support 

interaction which makes DP method extremely undesirable for the synthesis of supported 

small metal NPs on silica. The expensive organometallic precursor of these metals have been 

used for synthesizing small noble metal NPs on silica using highly sophisticated techniques 

like chemical vapour deposition (CVD), gas phase grafting etc.
26,27

 Another way of 

synthesizing Au, Pd supported silica systems is modification of silica with silanes comprised 

of organic functional moieties such as NH2, SH, Cl, CH2=CH2 etc.
28-31

 But this synthesis is 

laborious, two step process and requires inert conditions to prevent self condensation of 

silanes. Also these groups can block the active sites present on the metal NPs. All these 

limitations of synthesizing small noble metal nanoparticles especially catalytically important 

Au and Pd NPs of desired loading on silica support prompted us to develop a method which 

can fulfill the following criteria: (i) small and highly dispersed Au and Pd NPs of desired 

loading (ii) use of most common precursor (iii) easy and less time consuming (iv) use of 
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water as the solvent at ambient temperature and (v) scalable. The synthesis protocol 

developed in this chapter is based on ligand exchange methodology where a negatively 

charged ligand has been replaced with a neutral ligand. Au based catalyst using ethylene 

diammine (en) as the neutral ligand has been developed where Au(en)2Cl3 complex is 

synthesized which is further supported on silica.
32,33

 The main drawback of this method is 

that it is a two step process requires large amount of gold precursor. The catalytic activity of 

thus synthesized Au/SiO2 catalyst was similar to the other Au based active catalyst for CO 

oxidation. The modified DP method developed in the present chapter uses inexpensive 

NH4Cl as the insitu modifier of Au and Pd precursor which is a one pot single step method 

performed under ambient conditions within a time span of only one hour. In the first part of 

this chapter i.e. 3A, a detailed study of formation of Au-NH3 complex by NH4Cl using 

various spectroscopic tools and screening of this catalyst for CO oxidation have been 

demonstrated. The catalytic activity of thus synthesized Au/SBA-15 catalyst has been 

compared with other reported active Au/SiO2 catalyst.  

In the second part of this chapter 3B, Pd/SBA-15 catalyst has been synthesized using the 

same modified DP method and the activity has been tested for CO oxidation. The catalytic 

activity of this Pd/SBA-15 catalyst has been compared with other conventionally synthesized 

Pd/SBA-15 catalyst with larger particle size. To understand the activity behavior a detailed 

XPS study has been carried out on these catalysts to explore more about size dependency on 

CO oxidation. 

3.2 Experimental Section 

3.2.1    Synthesis of SBA-15: SBA-15 was synthesized according to the literature with some 

modifications
34

. 19.8 gm of P123 (Pluronic123, surfactant) was dissolved in 135 mL water at 

room temperature. Subsequently 540 mL of 2M HCl was added followed by addition of 40 

gm TEOS. A white precipitate was formed gradually. The solution was transferred to 

autoclave for hydrothermal treatment at 373K for 48 hr. Finally the SBA-15 was obtained 

after filtration, drying and calcination at 823 K. 

3.2.2   Synthesis of Au/SBA-15 catalyst: Gold was supported on SBA-15 by modified DP 

method using NH4Cl as the modifier. Typically, 500 mg of SBA-15 was dispersed in 50 mL 

water under sonication. To this solution required amount of NH4Cl was added. Then the pH 

of the solution was maintained at 9-9.5 using 0.1 M NaOH solution.  To this solution required 

amount of gold precursor (for loading 2.8 wt% Au), HAuCl4.3H2O was added drop wise in 
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30 minutes while maintaining the pH. The solution was stirred for another 1 hr at this pH. 

The as synthesized yellow colored Au/SBA-15 was obtained after centrifugation and drying 

and denoted as AS-x as syn. Here x referred to the millimoles of NH4Cl used varied from 1 

millimole to 4 millimoles. The as synthesized Au/SBA-15 was calcined in air at 673 K for 4 

hr at the ramp rate of 2
o 

/min to finally get brown colored catalyst. Five different Au/SBA-15 

catalysts were synthesized and denoted as AS 1, AS 1.5, AS 2, AS 3 and AS 4. All the 

catalysts were stored in ambient conditions at room temperature without any precautions.  

3.2.3   Synthesis of Pd/SBA-15 catalyst: Pd was supported on SBA-15 by modified DP 

same as that of Au/SBA-15 catalyst. Acidified PdCl2 solution of 0.25 M was used as Pd 

precursor. 1 mm of NH4Cl was used unlike Au/SBA-15 synthesis where different millimoles 

of NH4Cl were used. Rest of the steps were same as that of Au/SBA-15 synthesis. The final 

catalyst was sand colored and denoted as Pd-S-N. For comparison other Pd/SBA-15 catalysts 

were also synthesized by conventional deposition precipitation and wet impregnation and 

denoted as Pd-S-NaOH and Pd-S-WI respectively.  

The steps followed for the synthesis of M (Au or Pd)/SBA-15 has been represented in scheme 

3.1. 

 

                  Scheme 3.1 Synthesis of M/SBA-15 catalyst using modified DP method. 

3.2.4   Catalyst Characterization: UV-visible analysis was performed on Shimadzu 2700 

spectrophotometer with a dual beam source of He lamp and tungsten lamp as UV and visible 

light source respectively. Liquid UV was done using water as the reference. DRUV analysis 

was done for powder samples using dual beam source equipped with a diffuse reflectance 

attachment by taking BaSO4 as the standard. Powder X-ray Diffraction was recorded on 

Rigaku D MAX with a Cu Kα source of wavelength 1.54 A
o
 with an operational voltage of 

40 mV and 15 mA current. N2 adsorption /desorption analysis was done using Autosorb 1C 

Quantachrome, USA. The sample was first degassed at 300 
o
C for 3 hr. After degassing the 
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samples were cooled down to room temperature and analysis was done by adsorbing/ 

desorbing liquid N2 at different pressures. The surface area was calculated by BET model. 

Pore size distribution was calculated using BJH method. TEM analysis was carried out by 

TECHNAI FEI instrument working at voltage of 200kV with LaB6 as the filament. The 

samples for TEM analysis were prepared in ethanol and dried completely before analysis. 

Raman analysis was done by Renishaw InVia microscope with a Laser wavelength of 532 nm 

in the back scattering geometry. The liquid samples were drop casted on glass slide and dried 

under vacuum at room temperature.  

The 
15

N CPMAS NMR spectra were collected on a Bruker Avance HD 700 MHz 

spectrometer in a 4 mm double resonance probe with Larmor frequency of 70.94 MHz for 

15
N. The data were collected using a cross polarisation time of 1 ms and a recycle delay of 4s. 

The single pulse 
1
H MAS experiments were done at Bruker AV NEO 500MHz equipped with 

a 2.5 mm trigamma probe at a sample rotation frequency of 32 kHz. In the MAS NMR, 90° 

pulse duration of 1.9 μs and a recycle delay of 4 s were employed. Glycine and adamantine 

were used as a chemical shift secondary references for 
15

N and 
1
H respectively. 

15
N labelled 

ammonium chloride (
15

NH4Cl) was used for the synthesis of modified Au-SBA-15 and SBA-

15 samples. Synthesis procedure was same as explained in experimental section.  

XPS measurements were carried out using Thermo Kalpha+ spectrometer using micro 

focused and monochromated Al Kα radiation with energy 1486.6 eV. The pass energy for 

spectral acquisition was kept at 50 eV for individual core-levels.  The electron flood gun was 

utilized for providing charge compensation during data acquisition. The peak fitting of the 

individual core-levels was done using XPSpeak 41 software with a Shirley type background. 

For Au/SBA-15 XPS analysis, samples were prepared by drop casting the NH4Cl modified 

Au precursor (unsupported) on silicon wafer and dried under ambient conditions. Pd/SBA-15 

samples were prepared by supporting the pellet of the powder catalyst on double sided carbon 

tape.  

 

3.2.5   Catalytic activity for CO oxidation: The synthesized and calcined Au/SBA-15 and 

Pd/SBA-15 catalysts were tested for CO oxidation. The catalyst tests were done in a fixed 

bed reactor of diameter 14mm at atmospheric pressure. Typically, 50 mg of the pelletized 

catalyst was loaded in a silica reactor supported by quartz wool. The reactor was placed in a 

tubular furnace with a uniform heating zone of 4 cm furnished with temperature controller 

radix 6400. A K-type thermocouple placed on the thermowell was used to measure the 
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temperature of catalyst bed. The flow rate of the reaction gases was 25 mL min
-1

 with feed 

gas ratio as CO: O2: N2 = 1:5:19 and a GHSV of 30,000 mL (gcat.h)
-1

. The gas flow of CO, O2 

and N2 was controlled by Brooks Mass flow Controllers. The gases exiting the reactor were 

analyzed by Nucon 5700 GC equipped with a molecular sieve column with thermal 

conductivity detector at isothermal conditions with oven temperature 40 
o
C, injector and 

detector temperature 50 
o
C and helium as the carrier gas. The % conversion of CO was 

calculated using the formula: [(COin-COout)/COin]*100. 

 

Part 3A. Au/SBA-15 nanocatalyst for room temperature CO oxidation 

 

As already explained in the introduction and the experimental part the developed synthesis 

method is based on ligand exchange methodology where NH4Cl insitu modifies the Au 

precursor by replacing the Cl
‒
 ligands attached to Au (III) ions. The high pH conditions 

required for DP deprotonated ammonium ions to ammine which can bind to Au ions by 

replacing Cl- ions. This exchange leads to formation of [Au(NH3)4-x(OH)x]3-x complex 

where x= 0-3. The neutral or positive charge on this complex results in the attractive 

interaction between complex and negatively charged silica hence leading to successful 

deposition of gold on silica. The formation of Au-NH3 complex was studied in detail by using 

various spectroscopic techniques and is discussed in following sections.  

 

3A.1 UV-visible Spectroscopy  

Electronic environment of the gold in the precursor with different millimoles of NH4Cl was 

followed by UV-Vis spectroscopy. The two UV bands at 217 and 290 nm (Figure 3A.1) 

assigned to the ligand to metal charge transfer (LMCT) between Au
3+

 and Cl
─
 ions 

35
 showed 

a shift towards the higher wavelength after the addition of NH4Cl. But the shift was more 

prominent for 290 nm band (shown in the inset of Figure 3A.1) and increased with an 

increase in the amount of NH4Cl from 1 mm to 4 mm which is attributed to the electrostatic 

interaction between NH4
+
 ions with gold complex.

35 
DRUV-visible spectra in the range 500-

600 nm for AS x was featureless for the as synthesized sample (Figure 3A.2a) and showed 

SPR band at 510 nm after calcination due to the generation of metallic Au NPs (Figure 

3A.2b).  The samples with increased NH4Cl showed a broad SPR band with very less 

intensity which is usually observed for Au NPs of < 3 nm.
36

  Decrease in the intensity of SPR 
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band of the gold with increasing NH4Cl amount showed that size of the Au NPs decreased 

when amount of NH4Cl increased from 1 mm to 4 mm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3A.1 UV-visible spectra of Au precursor compared with precursor modified with NH4Cl of  

 different millimoles in liquid state.  

 

 

                      

Figure 3A.2 DRUV spectra of AS-x (a) as synthesized (b) calcined catalysts. 
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3A.2 X-Ray Diffraction 

XRD analysis of these catalysts showed characteristic features of mesoporous materials. 

Three diffraction peaks at 0.93
 o

, 1.63
 o 

 and 1.86
o 

corresponding to (100), (110) and (200) in 

small angle XRD of AS x (Figure 3A.3a) calcined catalysts compared with pristine SBA-15 

sample confirmed the ordered 2D hexagonal structure of SBA-15 with a space group of 

p6mm.
34

  The intensity of (100) reflection decreased after supporting Au NPs indicating 

successful deposition of Au in the channels of SBA-15. No reflection from metallic Au at 

38.3
o
 was seen in any of the AS samples which indicates that as synthesized AS samples 

consisted mainly of oxidized Au (Figure 3A.3b). The metal feature was observed after 

calcination at 400 
o
C indicating the reduction of Au ions to Au

0 
under calcination (Figure 

3A.3c). FWHM of peak at 38.3
o
 in AS samples increased with an increase in NH4Cl amount 

(from 1.8 in AS 1 to 4.3 for AS 4) hence supported our claim that NH4Cl helped in 

minimizing the particle size of gold NPs in the final catalyst.  

 

  Figure 3A.3 (a) Small angle XRD (b) Wide angle XRD of as synthesized and (c) calcined AS 

catalysts. 
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3A.3 N2-Adsorption 

The BET surface area measurements done by the N2 adsorption desorption isotherms of 

pristine SBA-15 and other Au NPs supported samples showed type IV hysteresis (Figure 

3A.4) corresponding to the filling of mesopores present in all samples.
37

 The 

physicochemical characteristics of the materials obtained after surface area analysis are listed 

in Table 3A.1.  

The pore size, pore volume and surface area were found to decrease as the amount of NH4Cl 

increased from AS 1 to AS 4 which is a manifestation of successful loading of Au inside the 

pore channels. 

 

 

 

 

 

 

 

 

 

 

                                Figure 3A.4 N2 adsorption-desorption isotherms of AS catalysts. 

 

 

 

 

 

 

                              

 

 

 

 

 

Table 3A.1 Textural properties of different AS x catalysts. 

 

Sample Name Surface Area 

(m
2
/g) 

Pore diameter 

(nm) 

Pore volume 

(cc/g) 

 

SBA-15 

 

AS 1  

 

AS 1.5  

 

AS 2  

 

AS 3  

 

AS 4  

 

575 

 

401 

 

350 

 

345 

 

330 

 

370 

 

5.6 

 

4.2 

 

4.8 

 

4.8 

 

3.7 

 

3.3 

 

0.492 

 

0.468 

 

0.486 

 

0.412 

 

0.427 

 

0.386 
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3A.4 Transmission Electron Microscopy 

The HRTEM along with particle size histogram from the samples showed well-ordered 

hexagonal array of SBA-15 with uniformly dispersed Au NPs in the channels more 

prominent for AS 3 and 4 samples (Figure 3A.5).  

 Overall the Au NPs size in all the samples fell under the catalytically active regime. The 

particle size histogram firmly indicated that AS 4 catalyst had the maximum frequency of 2-4 

nm particles followed by AS 3 nanocatalyst.  

 

 

 

 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3A.5 TEM images of (a) AS 1 (b) AS 2 (c) AS 3 (d) AS 4 nanocatalysts along with particle 

size distribution 

 

3A.5 Raman Spectroscopy 

The confirmation for metal-nitrogen bond formation came from the Raman spectroscopy 

analysis. Figure 3A.6 showed the Raman spectrum of drop casted Au complexes under 

different conditions.  The Raman band of Au precursor showed a doublet at 321 and 344 cm
-1

 

which comes from A1g and B2g mode of stretching vibrations of Au-Cl bond.
38
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Figure 3A.6 Raman spectra of gold complex in different conditions. (NH4Cl: 4 millimoles) 

But the Au-Cl stretching vibration vanished completely after the addition NaOH solution 

which was due to the total exchange of Cl
‒
 with OH

‒
 ligands and a new band appears at 565 

cm
-1

 due to A1 mode of stretching vibrations from Au-O(H) bond.
39

 Raman spectrum of gold 

precursor with salt NH4Cl at high pH condition showed a single band at 340 cm
-1

 (B2g 

deformation mode of Au-N bond) along with the presence of a doublet at 523 and 580 cm
-1

 

which can be attributed to the Bg and Ag mode of asymmetric and symmetric stretching 

vibrations from Au-N bond respectively
40

 which confirmed the formation of Au-NH3 

complex under the synthesis conditions.  

 

3A.6 Solid State NMR Spectroscopy 

The insitu modified gold complex catalyst was further probed by 
15

N and 
1
H solid state NMR 

(SSNMR) and gave insights into [AuCl4]¯ complex with ammine ligands. Figure 3A.7 

showed the 
15

N NMR spectra of AS 4 as synthesized catalyst with 
15

NH4Cl. The chemical 

shift value of pure NH4Cl at 39.7 ppm was shifted to up field region at 8.0 ppm along with 

appearance of broad peak centered at -36.5 ppm for AS 4 as synthesized sample. The shift 

can be attributed to the complexation of ammine ligands with Au (III) ions in the complex. 

This kind of up field shift has been observed on Pt-NH3 based antitumor complexes.
41

 The 

peak broadening in AS 4 sample can happen due to presence of different composition of 

ligands in the complex [Au(NH3)4-x(OH)x]
3-x

 . To confirm whether the peak shift towards up 

field region in AS 4 as syn sample was due to modification of gold complex or NH4Cl 

modifying the silica surface we carried out 
15

N NMR study of NH4Cl treated SBA-15 in the 

absence of gold precursor (Figure 3A.7a). 
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Figure 3A.7 (a) 
15

N and (b) 
1
H solid state NMR spectra of AS 4 compared with 

15
NH4Cl and SBA-15. 

 

But this sample did not show any 
15

N peak which confirmed that addition of NH4Cl to gold 

precursor in alkaline condition modified the precursor and not the silica surface. Owing to the 

different types of protons present in SBA-15 and Au complex, 
1
H SSNMR was carried out 

and their spectral comparison was shown in Figure 3A.7b. Pristine SBA-15 showed peak 

between 4-5 ppm (inset) typically for water molecules attached to silanols groups.
42

 AS 4 as 

synthesized and calcined samples also showed same peak but with less intensity. The peak at 

2.1 ppm in main graph was due to Si-OH groups present in silica and showed maximum 

intensity in SBA-15 as compared to other samples.
43

 It should be noted that AS 4 as 

synthesized sample showed the minimum intensity of this peak which is obvious as alkaline 

conditions deprotonated the silanols groups where the modified Au-ammine complex was 

bound. 
1
H peak at 1.3 ppm in SBA-15 and AS 4 as syn was assigned to isolated H2O 

present
44

 which vanished after calcination. Interestingly AS 4 as synthesized sample showed 

an additional peak at ~1.2 ppm which was absent in other samples. This peak can be 

attributed to the –OH groups present in the Au-ammine complex bound to Au as [Au(NH3)4-

xOHx]
3-x

. Also, the presence of small peak at 3.6 ppm (inset of Figure 3A.7b) was assigned to 

the proton of ammine ligands attached to Au ions.
45

 
1
H NMR of pure NH4Cl as shown in 

Figure 3A.8 was found to be completely different as compared to AS 4 as synthesized 

sample. Thus the SSNMR spectroscopy results confirmed that gold precursor was insitu 

modified by the addition of NH4Cl while synthesizing Au/SBA-15 catalyst.  
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Figure 3A.8 
1
H solid state NMR of pristine NH4Cl. 

 

3A.7 X-Ray Photoelectron Spectroscopy 

Further, XPS was carried out for elucidating the oxidation state and electronic environment 

around the metal. Presence of different ligands around the central metal atom can alter the 

electronic structure of the metal and hence can easily be discernible with XPS. In the present 

study XPS analysis was done on gold precursor under different conditions and it was 

observed that binding energies of Au 4f and N 1s core levels showed significant differences 

and was correlated with the modified ligand-metal environment. Figure 3A.9 shows the XPS 

spectra of Au 4f and N 1s core levels.  

XPS spectrum of HAuCl4 precursor (Figure 3A.9a) showed two peaks at 85.1 and 87.7 eV for 

Au4f7/2 which corresponds to Au
+1

 and Au
+3

 species respectively.
46

 Addition of 0.1 M NaOH 

to gold precursor shifted the XPS peaks to lower binding energy for both Au
+1

 and Au
+3

 

(Table 3A.2). Raman analysis for this sample in Figure 3A.6 showed no band at 300-400 cm
-1

 

for Au-Cl stretching due to complete replacement of all the Cl
¯
 ligands with OH

¯
. These OH

¯
 

ligands changed the electronic environment around Au ions which was reflected as the shift 

in binding energies towards lower side. But addition of NH4Cl to gold precursor at high pH 
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(pH 7 and pH 9) shifted the binding energies towards higher side as compared to precursor 

alone at pH 9. This can be attributed to the attachment of ammine ligands to Au ions (also 

reflected from Raman analysis). 

 

Figure 3A.9 XPS analysis of Au 4f and N 1s core levels under different conditions. (NH4Cl: 4 

millimoles) 

It can be noted that the binding energy of Au
3+

 was lower by 0.4 eV compared to the 

precursor alone which manifests the binding of a neutral ligand to gold. The binding energy 

assignments and the conditions at which they are formed is given in Table 3A.2.  

The N 1s spectrum (Figure 3A.9b) gave direct evidence of Au-N bond formation after the 

addition of salt to gold precursor at high pH. The binding energy value for NH4Cl was 

observed at 401.1 eV which can be referred to the NH4
+
 ions. But addition of NH4Cl to gold 

precursor in the absence of alkali showed two peaks at 401.1 eV and 400 eV. The peak at 

higher binding energy originated from NH4
+
 ions of NH4Cl but the peak at lower binding 

energy can be attributed to the N of NH4
+
 ions electrostatically attached to the gold 

complex.
47

 This electrostatic interaction was also observed from UV-Visible spectrum where 

the band at 290 nm showed red shift. 
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Table 3A.2 XPS binding energy values of Au precursor in different conditions. (NH4Cl: 4 

millimoles). 

 

Addition of NH4Cl to gold precursor at high pH showed a new peak emerging at 398.6 eV. 

This lower binding energy peak corresponds to the formation of new Au complex [Au(NH3)4-

x(OH)x]
3-x

 (x = 1-3) with ammine ligands where N was directly bonded to Au. It has already 

been reported that binding energy of N decreases when it is attached to metal as in metal 

nitrides.
48

 Here also, insitu generated ammine ligands at high pH formed direct bond with 

gold hence binding energy values shifted to lower sides. The intensity of this lower binding 

energy peak was more for HAuCl4+NH4Cl at pH 9 as compared to pH 7 which showed that 

no. of ammine ligands coordinated to Au ions was more than 1. The results from Raman, 

SSNMR and XPS analysis provided direct evidence that the addition of salt to gold precursor 

at high pH led to a new Au complex with ammine ligands and it is this complex that 

successfully deposited on the SBA-15 leading to the small and highly dispersed Au NPs in 

the channels of SBA-15.  

 

3A.8 CO Oxidation Activity 

The synthesized materials were tested for catalysis and CO oxidation was chosen as the test 

reaction. The CO oxidation data reported here was after calcination and without any further 

pretreatment. The activity results are shown in Figure 3A.10. As intuited, the catalytic activity 

of AS samples increased with increasing the amount of NH4Cl and AS 4 showed the 

maximum activity with a consistent full conversion throughout the temperature range. 
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                     Figure 3A.10 Comparison of CO oxidation activity of AS x samples.  

From above plot it is clear that all the samples were extremely active at room temperature 

which is surprising for Au NPs supported on silica. The genesis of the improved activity of 

Au NPs on silica in this study can be certainly attributed to the small Au NPs with fine 

dispersion inside the channels of SBA-15. There are very few literature reports for low 

temperature CO oxidation on Au/SiO2 largely because of poor metal support interaction 

between silica and Au NPs due to difficulty in stabilizing the optimum sized Au particles on 

the support as well as maintaining proper metal loading.
30 

 

Figure 3A.11 (a) Arrhenius plot for activation energy calculation of AS 4 (b) Time on stream plot of 

AS 4 catalyst at room temperature and 200
 o
C. 
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Low temperature CO oxidation over supported gold systems require 2-3 nm Au NPs both for 

active as well as inactive support.
13

 Surface modification of silica using silanes such as 

APTMS, APTES, MPTMS etc. is one of the chemical route to synthesize small Au NPs on 

SBA-15 
28-30,49

 yet the activity remains low at room temperature.
24,50

  Other methods like 

CVD, grafting and modification of gold precursors by ethylenediamine ligand show activity 

below 0 
o
C but all these methods are expensive and tedious.

26,27,32 
Among all the AS catalysts 

AS 4 catalyst showed the best activity which can be attributed to the high dispersion of 

smaller Au NPs into the SBA-15 channels. The activation energy was calculated for this 

catalyst by keeping the conversions below 20% at GHSV 3,00,000 ml (g.h)
-1

 which was 

found to be 20 kJ (Figure 3A.11a). This activation energy has been comparable to other 

active Au catalysts reported in literature for reducible oxides as well as those reported for 

best Au-silica catalysts prepared by non conventional routes.
26,32,51

  The specific rates 

observed on AS 4 catalyst was 1.32 molCO (gAu.h
)-1

 [calculated at the GHSV 1,50,000 mL 

(g.h)
-1

 with 16% conversion at RT] which was 2-3 times higher as obtained for other Au 

catalysts. A detailed comparison of catalytic activity of AS 4 with other Au based catalysts 

has been tabulated in Appendix as Table A.1. There was a marginal deactivation for all the 

catalysts except AS 4 between 80 
o
C to 120 

o
C but activity increased again at high 

temperature. The TEM images as well as XRD analysis indicated that there were some larger 

gold nanoparticles which were supported on the surface of SBA-15 instead of getting 

encapsulated inside the pore of SBA-15. These larger particles can easily facilitate the 

formation of carbonaceous intermediate species which can deactivate the catalyst resulting in 

decrease in the catalytic activity. Chen et al. found that the decomposition of the carbonate 

strongly depends on particle size and observed a facile decomposition of carbonate on 

smaller gold nanoparticles close to room temperature.
52

 Thus, the decrease in the activity of 

AS 1, 1.5, 2 and AS 3 catalyst in the temperature range of 80-120 
o
C was because of 

marginally bigger size of gold and the catalysts regained the activity once the decomposition 

temperature of these species was achieved i.e. after 120 
o
C. In the case of AS 4 catalyst the 

formation and decomposition of carbonaceous species went in parallel due to much smaller 

particle size delivering sustained activity. Though the support plays important in gold 

catalyzed CO oxidation but their effect is not the deciding factor in exceptional catalytic 

activity if the size of gold nanoparticles is below 5 nm. It has been theoretically demonstrated 

by Lopez et al that the adsorption capacity of Au NPs towards adsorbate increases with 

decrease in the particles size.
53,54

 It is obvious that AS 4 catalyst possessed maximum no. of 
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smaller Au NPs (as depicted from TEM images and particle size histogram) and hence 

maximum under-coordinated Au surface atoms which enhanced the adsorption of reactant 

molecules on the surface of Au NPs.  

On an inert support like silica, the mechanism of CO oxidation has been proposed only by 

gold. This gold only mechanism can happen in two ways: (i) both CO and O2 are activated on 

the surface of small Au NPs forming a 4-centred intermediate 
55

 which dissociates to CO2 and 

O (ii) water present either in the reaction gases or on the surface of catalyst (may present in 

the form of hydroxyl groups also) can facilitate the O2 activation hence help in accelerating 

the reaction at low temperature.
56

 The first pathway seems to be difficult since oxygen 

activation on Au NPs happens at high temperature.
55

 It has been proposed by many groups 

that water (or –OH groups) on the surface of catalyst can enhance the catalytic activity of Au 

NPs appreciably.
56,57

 In the present study also we believe that physisorbed water or hydroxyl 

groups present on the surface of silica can take part in gold based CO oxidation as evidenced 

by SSNMR study which showed the presence of silanols groups in AS catalyst (Figure 

3A.7b).  

Further the stability of the best catalyst, AS 4 catalyst under reaction conditions was tested at 

different temperatures ca. room temperature and 200 
o
C. It was observed that this catalyst 

was highly stable and showed full conversion during time on stream (TOS) at both the 

temperatures. TOS plots of AS 4 catalyst at room temperature (48 h) and 200
 o

C (24 h) 

showed excellent stability without any deactivation (Figure 3A.11b). This stability can be 

attributed to the presence of encapsulated small Au NPs inside the channels of SBA-15 

making them sinter resistant during the reaction. 

Another parameter used for validating the catalytic activity as well as stability of AS 4 

catalyst was by monitoring the activity by increasing the Gas Hourly Space velocity (GHSV). 

Figure 3A.12 shows the time on stream CO oxidation plot of AS 4 catalyst at room 

temperature at double GHSV. Even after doubling the GHSV i.e. from 30,000 to 60,000 mL 

(g.h)
-1

AS 4 catalyst showed > 80% activity at room temperature with a TOS stability tested 

for 12 h.  
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Figure 3A.12 TOS plot of AS 4 catalyst at room temperature at double GHSV. 

The spent AS 4 catalyst after 48 hr TOS reaction was analyzed by TEM and showed that Au 

NPs were still intact inside the channels of SBA-15 without much destruction (Figure 3A.13). 

It proves that this catalyst is highly stable under reaction conditions also. 

  

 

 

 

 

 

          

 

 Figure 3A.13 TEM images with particle size histogram of spent AS 4 catalyst after 48 h TOS. Scale 

Bar- 50 nm 

Another proof for excellent thermal stability of AS 4 catalyst comes from the calcination at 

high temperature ca. 600 
o
C. The TEM images of this catalyst showed negligible increase in 

the Au NPs size and particles were still well dispersed in the SBA-15 channels (Figure 

3A.14a).  
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Figure 3A.14 (a) TEM image of AS 4 catalyst calcined at 600 
o
C (b) Catalytic activity comparison of 

AS 4 catalyst calcined at 400 and 600 
o
C.  

The CO oxidation activity result of this catalyst (Figure 3A.14b) showed similar activity as 

that of calcined catalyst at 400
o
C. As a control experiment we also synthesized Au/SBA-15 

catalyst using dil. NH4OH solution (AS-NH4OH) and compared the activity with AS 4 

catalyst.  

 

 

 

 

 

 

             

Figure 3A.15 Comparison of CO oxidation activity of AS 4 catalyst with AS NH4OH catalyst. 

AS-NH4OH catalyst did not show any activity at room temperature and activity started after 

120 
o
C with a full conversion at 160 

o
C (Figure 3A.15). This shows that insitu generated 

ammine ligands have the potential to modify gold precursor as compared to external added 

ammonia solution. Thus using a simple method very small Au NPs were successfully 

supported on inactive silica support which showed exceptional room temperature for CO 

oxidation.  
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Part B. Pd/SBA-15 catalyzed low temperature CO oxidation  

Pd/SBA-15 catalyst was also synthesized using the same modified DP method and compared 

with other conventionally synthesized Pd/SBA-15 catalyst. The synthesis of these catalysts 

has already been discussed in experimental section of this chapter. Pd/SBA-15 catalyst 

synthesized by modified DP method has been denoted as Pd-S-N while other catalysts 

synthesized by conventional DP and wet impregnation have been denoted as Pd-S-NaOH and 

Pd-S-WI respectively. The characterization and activity results obtained on these catalysts are 

discussed in following sections.  

3B.1 UV-visible Spectroscopy  

Like Au precursor, the preliminary information about the modification to the Pd precursor 

after the addition of NH4Cl came from the UV visible spectroscopy. Fig. 3B.1a shows the 

UV-visible spectrum of H2PdCl4 in liquid form. Pd precursor alone showed two bands at 300 

and 421 nm. These bands correspond to charge transfer between Pd
+2 

and Cl
¯ 

ions. Addition 

of NH4Cl did not change the nature of bands. But the position of the bands was shifted 

towards the higher wavelength. This kind of red shift in the band position was already 

observed for Au precursor modified with NH4Cl in the first part of this chapter which was 

inferred to the electrostatic interaction of NH4
+
 ions with [AuCl4]¯ complex.

  
In the present 

case also the red shift in the Pd
2+

 bands was attributed to the interaction of ammonium ions 

with [PdCl4]
2-

 complex.  

        

 Figure 3B.1 UV visible spectra of (a) Pd precursor in liquid state (b) supported Pd-SBA-15 in solid 

state. 
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The addition of NH4Cl in the presence of alkaline medium resulted in a band at 294 nm 

which was due to formation of mixed Pd-ammine complex [Pd(NH3)4-x(OH)x]
2-x 

(where x=1-

3).
58

 The UV-visible spectrum of supported Pd-SBA-15 sample was shown in Fig. 3A.1b. 

The as synthesized Pd-S-N sample showed a single band at 324 nm due to presence of Pd-

ammine complex but the calcination at 400 
o
C transformed the Pd-ammine complex to 

palladium oxide and resulted in appearance of two bands at 270 and 450 nm due to charge 

transfer between  Pd
2+

 and O
2-

 ions.
59

  

3B.2 ICP-AES  

The ICP analysis done for the three catalysts i.e. Pd-S-N, Pd-S-NaOH and Pd-S-WI showed 

that modified DP method in Pd-S-N catalyst results in ~100% loading of Pd NPs (theoretical 

and experimental loading 2.8 wt %) on SBA-15 while for Pd-S-NaOH actual loading 

remained half of the theoretical loading. This is obvious as conventional DP method is not 

suitable for loading more than 1 wt% of metal and always results in loss of the metal. Hence 

the modified DP method is adventitious in preventing the loss of precious metals in solution 

while supporting on silica. 

3B.3 X-ray Diffraction 

The XRD analysis of these catalysts can be seen in Figure 3B.2. The main XRD reflection at 

2θ = 33.8
o
 corresponds to PdO (101) along with the presence of other PdO reflections.

60
  

 

 

 

 

 

 

                

 

 

Figure 3B.2 XRD analysis of Pd/SBA-15 catalyst synthesized via different methods. 
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It is noteworthy that Pd-S-N catalyst did not show any reflection of PdO while Pd-S-NaOH 

and Pd-S-WI showed clear reflections of PdO. This showed that particle size was smallest for 

Pd-S-N while the other two catalysts possessed larger size of Pd NPs. Particle size calculation 

from Debye- Scherer showed size to be ~ 5 nm for Pd-S-NaOH and 7.0 nm for Pd-S-WI. 

 

3B.4 Transmission Electron Microscopy 

TEM analysis further supported the XRD results that modified DP methods can successfully 

introduce small Pd NPs inside the SBA-15 channels and can be seen in Figure 3B.3a and b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3B.3 TEM images of (a, b)Pd-S-N (c) Pd-S-NaOH (d) Pd-S-WI catalysts. Yellow arrows show 

the Pd NPs. 
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Figure 3B.3b shows the mesoporous channels of SBA-15 but the Pd NPs were not clearly 

visible. The yellow arrows in this figure showed Pd NPs of very small size located inside the 

channels of SBA-15.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3B.4 Particle size calculation from TEM images of different Pd/SBA-15 catalyst 

The comparison of particle size from TEM images has been summarized in particle size 

histogram in Figure 3B.4. Size of most of Pd NPs in Pd-S-N catalyst were in the range of 1-2 

nm while Pd-S-NaOH catalyst showed most of the NPs in the range of 4-6 nm even though 

some small particles of size 2-3 nm were also present. Pd-S-WI catalyst showed large sized 

NPs in the range of 7-8 nm with some particles even larger than 10 nm. Evidences from TEM 

and histogram clearly indicate that that by using NH4Cl as a modifier DP method can be 

successfully employed to obtain very small Pd NPs of size 1-2 nm encapsulated in 

mesoporous channels of SBA-15.  

3B.5 CO Oxidation Activity 

The catalytic activity of calcined Pd/SBA-15 catalysts synthesized via different methods is 

shown in Figure 3B.5 and their activation energy was compared.  The Pd-S-N catalyst was 

most active with a light off temperature of 90 
o
C, which was quite low as compared to other 

reported Pd/SiO2 catalysts in literature.
11,61 

Compared to this catalyst the light off temperature 

of other catalysts was 120 
o
C  (Pd-S-NaOH) and 140 

o
C (Pd-S-WI) respectively. Although, 
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light off temperature is good for benchmarking the catalyst, the true indicator comes from the 

activation energy (Figure 3B.5b) which was 17.5 kcal mol
-1

 for Pd-S-N catalyst better 

compared to other Pd based catalysts.
11,61,62

 

 

Figure 3B.5 CO oxidation activity of calcined Pd/SBA-15 catalysts synthesized by different methods 

(a) temperature dependent CO conversion (b) activation energy of different catalysts. 

It has been well explored that support plays an important role in catalyzing CO oxidation 

since oxygen activation can happen either at support or at the interface. Supports like TiO2, 

CeO2, Fe2O3, Co3O4 etc. are active for CO oxidation due to their redox properties and on 

these supports Pd can show high catalytic activity at ambient temperatures due to the 

generation of oxygen vacancies or by inducing electronic modifications in Pd. 
63-67  

Silica being irreducible and inactive support for most of the catalytic reactions, and hence the 

difference in the activity could solely be attributed to the Pd NPs size. The nature of the 

surface Pd species prepared with different synthesis methods resulting in different sized Pd 

NPs was elucidated by XPS analysis as in Figure 3B.6.  

The Pd 3d spectra of the three catalyst was compared and it was observed that except Pd-S-N 

catalyst other two catalysts showed coexistence of three peaks at 335.2, 336.8 and 338.4eV 

which can be assigned to metallic Pd, Pd
2+

 as PdO and Pd
x+

 as high valent PdOx species 

respectively.
68,69  

Pd-S-N catalyst did not show any peak of metallic Pd.  Meanwhile the shoulder at 338.4 eV 

(for Pd
x+ 

where x>2) showed an inverse relation with size and emerged as the major peak 

(70% see Figure 3B.6c) in Pd-S-N catalyst. The generation of high valent Pd oxide species in 

high concentration on smaller NPs has been previously reported on Pd/C and Pd-SBA-15.
69,70
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The exact nature of active Pd species for CO oxidation has always been controversial which 

prompted us to carry out in depth XPS analysis of our catalyst.
71-73

  

 

 

Figure 3B.6 (a) Comparative XPS plots of (a) calcined (b) spent Pd/SBA-15 catalysts and (c) 

comparison of % Pd species in fresh and spent calcined catalysts as calculated from XPS. 

 

The spent catalyst XPS analysis of three catalysts showed only two peaks at 335.3 eV and 

336.8 eV corresponding to metallic Pd and Pd
2+ 

(Figure 3B.6b). It is noteworthy that amount 

of Pd
0
 species increased mostly at the expense of Pd

x+
 species. The percentage of metallic Pd 

was maximum in Pd-S-N (64%) followed by other two catalysts. 

(a) (b) 

(c) 
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Further the effect of reduction on the activity of Pd-S-N catalyst was tested by reducing the 

catalyst in H2 flow at 400 
o
C and was compared with calcined catalyst (Figure 3B.7)  

  

Figure 3B.7 Comparison of Pd-S-N calcined and reduced catalysts (a) CO oxidation activity (b) time 

on stream plots at 115 
o
C and 90 

o
C respectively. 

 

The comparison of catalytic activity of Pd-S-N calcined catalyst with reduced catalyst clearly 

showed that light off temperature shifted close to room temperature in Pd-S-N red with full 

conversion obtained at 90 
o
C. The activity obtained on Pd-S-N catalyst was probably the best 

activity shown by Pd/silica catalyst so far.
11,61,74

 The activation energy of reduced Pd-S-N 

catalyst (13.6 kcal mol
-1 

or 57 kJ mol
-1

) was lower as compared to other reported active Pd 

based catalysts where Ea varied from 60-80 kJ mol
-1

.
11,61,75,76 

Comparison of CO oxidation 

activity of reduced catalysts synthesized by different methods can be seen in Figure 3B.8. 

 

 

 

 

 

 

 

 

 

 

 

           Figure 3B.8 Comparison of CO Oxidation activity of different reduced catalysts  
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It is clear from the figure that Pd-S-N catalyst after reduction showed the best activity among 

all the catalysts a trend similar to calcined catalyst. 

To gain insights on different Pd species present in Pd/SBA-15 catalyst after reduction and CO 

oxidation, XPS analysis was done (Figure 3B.9) and it was observed that after reduction all 

the catalysts showed metallic Pd as the major species. It should be noted that amount of 

metallic Pd in all the three catalysts reduced at 400 
o
C was similar still the activity of Pd-S-N 

red was higher as compared to other two catalysts. Also the CO chemisorption analysis on 

these catalysts showed that Pd-S-N catalyst had the highest dispersion (45%) of Pd followed 

by Pd-S-NaOH (23%) and Pd-S-WI (5%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3B.9 XPS spectra of (a) reduced and (b) spent catalysts (c) comparison of different Pd species 

in reduced and spent catalyst  

 

(b) (a) 

(c) 
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The high dispersion of Pd points towards the maximum no. of metallic Pd sites available in 

Pd-S-N catalyst which were accessible for catalyzing CO oxidation. Further the TOS reaction 

conducted for both reduced and calcined Pd-S-N catalyst for 24 hr showed the stability of 

these catalysts under reaction conditions (Figure 3B.7b). The TEM images of Pd-S-N red 

spent catalyst (Figure 3B.10) showed that small size of Pd NPS was still maintained even 

after 24 hr TOS reaction.  

The CO oxidation activity obtained over reduced Pd-S-N catalyst was similar to the Pd NPs 

supported on active supports.
64,65,67,77, 

TOF of this catalyst was compared with previously 

reported active Pd catalysts (Appendix TableA.2) and found to be superior to other catalysts. 

 

Figure 3B.10 TEM analysis of reduced Pd-S-N catalyst after 24 h time on stream reaction. 

 

In general CO oxidation reaction on Pd follows Langmuir-Hinshelwood mechanism where 

both CO and O2 are chemisorbed on the surface of Pd 
63,78

 with following elementary steps: 

                                         CO (g) + *                   COads 

                                          O2 (g) + *   Oads (* denotes active site for adsorption) 

The dissociative adsorption of O2 results in the formation of active oxygen species which 

reacts with nearby CO and forms CO2. Usually the sticking coefficient of CO on metallic Pd 

is high as compared to O2 at ambient temperature which results in strong adsorption of CO 

leaving behind limited sites for oxygen adsorption and activation thus inhibiting the 

activity.
78-80

 This is the probable reason of low activity of Pd based catalyst at low 

temperature. With increase in temperature, rate of CO desorption increases freeing the sites 

for O2 activation. The resulting O atoms can react with the neighboring adsorbed CO and thus 
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leave even larger available surface for O2 adsorption which ultimately results in exponential 

increase in the rate of CO oxidation. It has been observed that CO gets strongly adsorbed on 

facets/terrace sites of Pd NPs as compared to under coordinated (edges/corners/kinks) sites 

81,82 
and no. of edges/corner sites increases with a decrease in the Pd NPs size.

83
  

As a first approximation, difference in activity obtained for different catalysts can be 

explained on the basis of size of Pd NPs, where small sized Pd NPs in Pd-S-N catalyst having 

maximum no. of under coordinated sites reduced the CO poisoning of this catalyst. Since the 

CO adsorption is rather weak on the under coordinated sites the O2 adsorption and activation 

which is the rate determining step, can be facile on these sites.
79

 The detailed XPS analysis of 

calcined catalysts revealed the generation of different cationic Pd species, the concentration 

of which has strong size dependence. This difference in reactivity with oxygen by Pd NPs 

with size during calcination is understandable as smaller NPs are unequivocally proved to be 

more reactive than bigger particles.
84

 The XPS plot of calcined Pd-S-N catalyst which had 

smallest Pd NPs among the three (Figure 3B.6) comprised maximum amount of high valent 

Pd oxide (PdOx) species (70%). Obviously, the under coordinated sites on these smaller 

particles are able to stabilize the high valent Pd species.
37

 In the present case, it can be 

inferred that larger proportion of Pd
x+

 (x>2) species exclusively present in the Pd-S-N 

catalyst demonstrated profoundly increased CO oxidation activity. These Pd
x+ 

species can 

decompose easily to metallic Pd under CO oxidation conditions which provide sites for 

adsorption and activation of reactant molecules. The percentage of high valent Pd oxide in 

the other two catalysts was approximately 6-8 % whereas the major species was PdO. It is 

well known that PdO is not the favored surface for CO oxidation as reduction and reoxidation 

of the surface happen above100 
o
C.

85
 Also approximately 13-16 % metallic Pd was seen in 

these two catalysts even after calcination at 400 
o
C which could be mostly terrace Pd sites 

and got occupied mainly by CO under reaction conditions. In such a scenario sites for O2 

activation were not available and to create such sites decomposition of oxidized Pd layer had 

to happen which occurred at temperature above 100 
o
C in larger NPs. In spite of the presence 

of metallic Pd (for CO activation) and PdOx in Pd-S-NaOH and Pd-S-WI calcined catalyst, 

low temperature activity was not observed which clearly points to the fact that catalytic 

activity is initiated only after the reduction of oxide Pd surface followed by CO and oxygen 

activation.  Thus, the reduced light off temperature demonstrated by small Pd NPs in Pd-S-N 

catalyst can be explained on the basis of lower reduction temperature of large fraction of high 

valent Pd oxide species as compared to other two catalysts which were mainly possessed by 
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PdO species. The spent catalyst analysis showed that as the particle size decreased the Pd 

surface got more reduced under the CO oxidation conditions with generation of metallic Pd 

species the percentage being large in smaller particles (Figure 3B.9c). Even though, the CO 

oxidation in the present study was carried out in an O2 rich environment, the indication that 

CO oxidation proceeds through the formation of metallic Pd surface was clear from this 

analysis. The fact that already formed PdOx was not active for CO oxidation was proved by 

screening Pd-S-N catalyst in CO alone conditions. The catalyst did not show any activity up 

to 150 
o
C which shows that the sites for CO adsorption was absent and insitu generated PdOx 

and Oad on Pd under reaction conditions were responsible for low temperature CO oxidation. 

An equilibrium generation of PdOx and its decomposition along with Oad atoms are crucial 

for stable CO oxidation activity which happened at 90 
o
C for Pd-S-N catalyst.  

The reduction of Pd/SBA-15 catalyst in hydrogen improved the catalytic activity for all the 

Pd/SBA-15 catalyst (Figure 3B.8) effect being most pronounced in Pd-S-N catalyst. The light 

off temperature for the reduced Pd-S-N catalyst was shifted close to room temperature unlike 

other two catalysts which showed only marginal improvement. The XPS analysis of the 

reduced catalysts showed an interesting scenario where almost similar amount of metallic Pd 

was observed in the three catalysts still the activity of Pd-S-N was best among the three. The 

spent catalyst analysis and relative fraction of different surface Pd species of all the three 

reduced Pd/SBA-15 catalysts can be seen Figure 3B.9. It was observed that Pd-S-N catalyst 

showed the generation of high valent Pd oxide (17%) species under reaction conditions [even 

at low temperature also (7% PdOx at 60 
o
C with 17% CO conversion, Figure 3B.12] while the 

other two catalysts did not show any PdOx species which again confirms strong size 

dependency of PdOx species formation on small Pd NPs under reaction conditions. The co-

existence of an ensemble of Pd (0) and Pd (x+) in the spent catalyst of Pd-S-N strongly 

suggests what is expected for a good low temperature active Pd catalyst. The other two 

catalysts showed mostly metallic Pd as major fraction along with PdO which was largely 

covered by CO at low temperature inhibiting its activity and required temperature above 100 

o
C to free up sites for oxygen activation. The generation of high valent PdOx at low 

temperature has been considered as an indicator for the improved activity, which was 

synonymous to the generation of Oad atom for CO oxidation. The metallic Pd did not take 

part directly in the CO oxidation; still it was prerequisite for obtaining low temperature CO 

oxidation by (i) insitu generating active high valent PdOx species with Oad on the under co-

ordinated Pd atoms (ii) providing the sites for CO activation.  Thus Pd based catalyst showed 
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a strong size dependency on CO oxidation activity by generating different Pd surface species 

which showed different behavior for CO oxidation. 

 

3.3 Conclusion 

Improved loading and stabilization of small gold and palladium nanoparticles on silica, one 

of the most difficult tasks in the synthesis of noble metal based catalyst, has been addressed 

by a simple wet chemical method. NH4Cl assisted insitu modification of gold and palladium 

precursors via modified deposition precipitation method helped in dispersing small metal NPs 

inside the pores of SBA-15.  

Various spectroscopic tools such as Raman Spectroscopy, XP spectroscopy and SSNMR 

were employed to understand the modification of gold precursor in the presence of NH4Cl. In 

the case of Au/SBA-15 catalyst, well dispersed stable small Au NPs inside the pore channels 

of SBA-15 were mostly observed in AS 4 catalyst which showed unprecedented and 

sustained CO oxidation activity at room temperature and also at 200
o
C without any catalyst 

deactivation. This catalyst showed appreciable activity even after calcination at 600
o
C (sinter 

resistant) which supported our claim that Au NPs were well protected inside the channels of 

SBA-15 without destroying the hexagonal architecture of SBA-15. The support effect in this 

case was negligible as the decisive factor for exceptional activity of AS 4 catalyst was size 

and dispersion of Au NPs.   

In the case of Pd/SBA-15 catalyst Pd-S-N catalyst showed best activity among all the other 

catalyst due to presence of smallest sized Pd NPs with good fraction of under co-ordinated 

sites. A detailed XPS analysis on these catalysts showed strong size dependency for the 

generation of different Pd species. High valent PdOx species generated on small size Pd NPs 

on under co-ordinated sites in Pd-S-N and their easy decomposition at relatively lower 

temperature was the reason for observance of low temperature activity of this catalyst. 

Presence of ample amount of under-coordinated sites on small sized Pd NPs resulted in 

generation of PdOx and Oad under reaction conditions which could catalyze CO oxidation at 

comparatively low temperature. Also the self poisoning of the Pd sites was prevented on 

under-coordinated sites which provided sites for O2 adsorption and activation at low 

temperature.   

Overall it can be concluded that by a simple ligand exchange method via replacement of 

negatively charged Cl
‒
 ions with the neutral ammine ligands a conventional deposition 



 
New Formulation for Noble Metal (Au, Pd) Supported Metal Oxides and Their Catalytic Applications  

 

Ph.D Thesis; December-2018: CSIR-NCL; Chapter-3 Page 95 
 

precipitation method has been successfully employed for the synthesis of Au and Pd 

supported on low PZC support silica for getting highly active low temperature CO oxidation 

catalyst. The method is simple, inexpensive, and scalable which can be extended to other 

noble as well as non noble metals NPs supported on silica. The catalyst synthesized in this 

way can further be explored for various fundamental as well as industrially important 

reactions.  
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A Templated Approach for the Synthesis of Mesoporous 

Titanosilicates as support for gold nanoparticles for H2O2 

Mediated Olefin Epoxidation 
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4.1 Introduction  

Since the discovery of titanium silicalite-1 (TS-1) in 1983, titanium containing zeolites have 

gained much attention due to of their application in  selective oxidation of a wide variety of 

organic molecules.
1,2 

Since then various Ti- containing zeolites with different structural and 

geometrical location of Ti ions in the silicalite structure have been discovered and their 

physical and chemical properties have been thoroughly investigated.
2
 Among all the 

mentioned titanium silicalites (also known as titanosilicates) TS-1 is one of the earliest 

discovery where Ti
4+

 occupied the framework position in the silicalite in mostly tetrahedral 

coordination and possessed remarkable activity for the selective oxidation in the presence of 

H2O2. Among various selective oxidation, olefins epoxidation in the presence of H2O2 is 

important because the epoxides are frequently used in organic synthesis and polymer 

industries.
3
 Also use of H2O2 over other organic oxidants is preferred because the byproduct 

formed is always water. But the main drawback of TS-1 is their micro porosity which 

restricts their use for the oxidation of bulky molecules. Several attempts have been made to 

increase the mesoporosity of these titanosilicates such as incorporating Ti
4+

 ions into the 

framework of mesoporous silica such as MCM-41, SBA-15, MCM-48 and grafting of 

titanocene complex on the surface of mesoporous silica.
4
 These mesoporous titanium 

modified silica materials having pore diameter in the range of 3-7 nm can efficiently oxidize 

bulky organic molecules without any diffusion restrictions.
5-10

 However their oxidation 

capabilities and hydrothermal stability is far below when compared with the TS-1 restricting  

their use for practical applications. The relatively low activity of these mesoporous Ti 

modified silica originates due to the different coordination of Ti
4+

 ions in silica framework. 

For a better activity in terms of conversion and selectivity, Ti in tetrahedral coordination is 

preferred over octahedral because of stability of H2O2. H2O2 can easily decompose to water if 

not stabilized under the reaction conditions and results in formation of undesired products. 

Stabilization of H2O2 over tetrahedral titanium is facile as compared to octahedral titanium 

thus making them preferable sites for selective epoxidation. Thus it is highly desirable to 

maintain the mesoporosity as well as tetrahedral titanium coordination to obtain an active and 

selective catalyst which can catalyze a wide range of olefins. The most commonly used 

titanium precursors for the synthesis of titanosilicate are alkoxide precursor which are highly 

hygroscopic and can self hydrolyze in open atmosphere hence results in undesirable 

coordination of titanium in silica and ultimately affects the catalytic activity. Modification of 

titanium precursor with some chelating agents which can prevent their self hydrolysis have 
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been reported and found to be efficient.
8,11,12

 Post grafting titanium precursor on silica is 

another route for the synthesis of titanosilicate.
13,14 

In the present chapter a templated 

approach using triethanol amine (TEA) as the structure directing agent as well as modifier for 

titanium precursor has been used for the synthesis of mesoporous titanosilicate nanospheres. 

CTAC (Cetyl trimethylammonium chloride) has been used as surfactant. Using this 

procedure titanosilicates nanospheres of size 100-200 nm were obtained with high 

mesoporosity.  TEA, a poly alcohol has been known for its chelating properties which were 

utilized for the chelation of silica as well as titanium precursor.
15

 Complexation of TEA with 

titanium precursor could modify the precursor and helped to reduce the rate of its hydrolysis. 

TEA acted both as the chelating agent as well as base for the hydrolysis and condensation of 

the precursors which are the characteristics features of a typical sol gel process. Thus 

synthesized mesoporous titanosilicate nanospheres were tested for the liquid phase olefin 

epoxidation of both light as well as bulky olefins. Moreover, to explore their catalytic activity 

for gas phase epoxidation gold was supported on these nanospheres and tested for propene 

epoxidation in the presence of molecular H2 and O2. As already discussed in Chapter 2, role 

of gold here is to insitu generate H2O2 which is transferred to the titanium in the close 

vicinity of gold to carry out propene epoxidation. Different molar ratio of Si/Ti was 

synthesized and their effect on the catalytic activity has been studied in this chapter.  

4.2 Experimental Section 

4.2.1 Synthesis of titanosilicate nanospheres 

The titanosilicate nanospheres were synthesized by template approach. Firstly 3 mL of TEOS 

was added to a glass vial and to this required amount of titanium tetrabutoxide (for Si/Ti 

molar ratio 150, 100 and 50) was added under vigorous stirring. After stirring for 15 min, 500 

µL of TEA and water were added and stirred for another 30 min. Meanwhile in a 250 mL 

round bottom flask, 2 gm of CTAC was dissolved in a water ethanol mixture having a 

volume ratio of 2.5 under moderate stirring. To this solution 2 mL of TEA was added as base 

to initiate the hydrolysis and condensation of precursors. After this the modified precursor 

was added drop wise and stirred for another 6 hr. The as synthesized titanosilicate 

nanospheres were collected by centrifugation and washed with water and ethanol and dried at 

70 
o
C. Finally the powder was calcined at 600 

o
C for 10 h. Three different catalysts were 

synthesized and depending upon their Si/Ti molar ratio they were designated as TS-50, TS-

100 and TS-150. To compare the effect of base other than TEA on the morphology and 
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nature of titanium, NH3 was used instead of TEA while the precursor was synthesized in the 

same way and denoted as TS 100 N.  

4.2.2 Synthesis of Au NPs supported Titanosilicate Nanospheres 

0.2 wt% gold was loaded on titanosilicate spheres using deposition precipitation method as 

reported previously.
16

 Typically 450 mg of the titanosilicate nanospheres were dispersed in 

30 mL water. The pH of this support solution was maintained at 9.5 and gold precursor 

(HAuCl4 in 30% HCl, 7 µL in 25 mL water) was added drop wise to the support solution 

while maintaining the pH. After complete addition of gold precursor, the mixture was further 

stirred for another 1 hr. The solid catalyst was collected by centrifugation, dried and calcined 

at 350 
o
C for 4 hr. The final catalyst is designated as AuTS x where x represents the Si/Ti 

ratio. The synthesis steps have been summarized in scheme 4.1 

 

           Scheme 4.1 Synthesis of mesoporous (gold supported) titanosilicate nanospheres. 

4.2.3 Catalyst Characterization 

UV-visible analysis was performed on Shimadzu 2700 spectrophotometer with a dual beam 

source of He lamp and tungsten lamp as UV and visible light source respectively. Liquid UV 

was done using water as the reference. DRUV analysis was done for powder samples using 

dual beam source equipped with a diffuse reflectance attachment by taking BaSO4 as the 

standard. Powder X-ray Diffraction was recorded on Rigaku D MAX with a Cu Kα source of 

wavelength 1.54 A
o
 with an operational voltage of 40 mV and 15 mA current. N2 adsorption 

/desorption analysis was done using Autosorb 1C Quantachrome, USA. The sample was first 
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degassed at 300 
o
C for 3 hr. After degassing the samples were cooled down to room 

temperature and analysis was done by adsorbing/ desorbing liquid N2 at different pressures. 

The surface area was calculated by BET model. Pore size distribution was calculated using 

BJH method. TEM analysis was carried out by TECHNAI FEI instrument working at voltage 

of 200kV with LaB6 as the filament. The samples for TEM analysis were prepared in ethanol 

and dried completely before analysis. IR analysis was performed on Bruker Tensor 27 FTIR 

spectrophotometer using KBr as the standard. KBr pellets were prepared by mixing KBr and 

sample in 100:1 ratio. XPS measurements were carried out using Thermo Kalpha+ 

spectrometer using micro focused and monochromated Al Kα radiation with energy 1486.6 

eV. The pass energy for spectral acquisition was kept at 50 eV for individual core-levels.  

The electron flood gun was utilized for providing charge compensation during data 

acquisition. The peak fitting of the individual core-levels was done using XPSpeak 41 

software with a Shirley type background.  

4.2.4 Catalytic screening for liquid and gas phase olefin epoxidation 

The liquid phase olefin epoxidation was carried out in a two necked round bottom flask by 

attaching one neck to the condenser and sealing the other neck with rubber septum for 

addition of oxidant. Typically 25 mg of the catalyst was mixed with 5 mL of acetonitrile 

(solvent) and 2.5 mmol of olefin and kept in the oil bath already set at 60 
o
C. The mixture 

was stirred at this temperature for 15-20 min so as to maintain the temperature. After this, 2.5 

mmol H2O2 (30%) was injected slowly under stirring. The reaction mixture was taken out 

injected at certain time intervals to obtain the conversion and selectivity. The reactant and 

products were analyzed by GC analysis equipped with FID and capillary column.  

Gas phase propene epoxidation reaction in the presence of molecular H2 and O2 were 

conducted in Technical University of Eindhoven, The Netherlands. Catalytic tests 

were performed at atmospheric pressure in a fix bed reactor. In a typical test, 150 mg 

of catalyst was loaded in a quartz reactor with inner diameter 6 nm and placed in a 

tubular oven. The flow of the reactant gases was adjusted to 25 ml/min (with a ratio of 

1H2: 1O2: 1C3H6: 7Ar) with a GHSV of 10,000 ml/gcat/h. A typical reaction cycle was 

5 h followed by regeneration step in the presence of 10 vol% O2 in He at 573 K for 1 

h. The reaction cycles were carried out in the temperature range 423-493 K and rate of 

each cycle was calculated as the average rate for the reaction performed between 150 
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min to 300 min on time stream. The propylene conversion and selectivity to PO were 

expressed as:  

 

           Conversion (%) = [moles of (products)/moles of propene in feed] x100 

            Selectivity (%) = [moles of PO/moles of (products)] x100 

 

H2 efficiency was calculated as: 

                      H2(%) = [rPO/(rPO+rH2O)] x 100 

                      where rPO and rH2O were rates of PO and H2O produced respectively. 

 

4.3 Results and Discussions 

4.3.1 UV-Visible (DRUV) Spectroscopy 

UV-visible spectroscopy has been used as the initial tool to investigate the coordination of 

titanium species in silica. UV-visible spectrum of synthesized titanosilicate nanospheres was 

compared with the standard TS-1 (as shown in Figure 4.1a). It is clear from the figure that 

standard TS-1 showed a single peak at 220 nm which corresponds to the isolated tetrahedral 

titanium present in the silica lattice originating from O
2- 

to Ti
4+

 ligand to metal charge 

transfer.
17,18

  

  

                   Figure 4.1 UV-visible spectra of (a) TS x and (b) AuTS x catalysts 

The peak corresponding to octahedral titanium resulting either from hydroxylation or small 

Ti-O-Ti domains as extra framework species was absent in TS-1. Hence titanium in TS-1 

(standard) was present as perfect isolated tetrahedral species. But in the synthesized 
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titanosilicate nanospheres two bands were present: one at 220 nm and another at around 270 

nm indicating the presence of both tetrahedral as well octahedral coordinated titanium.
18 

However the band at 220 nm was most intense and TS 50 showed slightly broader band at 

270 nm which was due to increased amount of titanium in this sample. After gold deposition 

these samples showed similar bands of titanium but with an extra band between 500-600 nm 

typically for SPR of gold NPs (Figure 4.1b). The SPR band of Au NPs showed red shift as 

the amount of titanium increased indicating that size of Au NPs also increased with increased 

titanium content. However it was noted that the titanium bands were narrow after gold 

deposition which could be due to removal of some of the extra framework species under 

basic conditions. This kind of behavior has been reported on Ti-SBA-15 catalysts where 

treatment with ammonium ions could form tetrahedral titanium without formation of extra 

framework species.
19,20

 However the effect was not pronounced in AuTS 50 where titanium 

content was more. This could be because the dissolution of extra framework titanium is 

possible using above mentioned methods however if small titania domain are formed these 

cannot be recrystallized or removed. Thus some phase segregation might have happened with 

an increase in titanium content. 
 

4.3.2 X-ray Diffraction  

The XRD analysis of titanosilicate nanospheres with and without Au NPs showed peak at 23
o
 

for amorphous silica as the major peak (Figure 4.2).  

 

 

 

 

 

 

 

 

 

Figure 4.2 XRD analysis of TS and AuTS x catalysts 
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Any reflection for phase segregated titania was observed in none of the samples. For AuTS 

samples a feeble reflection at 38.2
o
 was observed for Au (111) plane of metallic gold. The 

weak intensity for Au reflection can be attributed to the very small gold loading (0.2%).  

4.3.3 N2 Porosimetry  

The surface analysis by N2 adsorption desorption analysis showed type IV isotherm for filling 

of mesopores (Figure 4.3). The textural properties of all these catalysts have been tabulated in 

Table 4.1. All the catalysts showed very high surface area and surface area decreased with an 

increase in the titanium content. Among all the catalysts TS 100 N showed the least surface 

area because TEA was not used for the synthesis of this catalyst which shows that TEA acted 

as pore generating agent also. However the surface area for this catalyst was still comparable 

to other TS catalysts. The pore diameter for all the catalyst was in the range of 3-4 nm 

indicating their mesoporosity with TS 150 showing maximum in the lot. This kind of pore 

extension was observed for Au@Ti-SiO2 catalysts in Chapter 2 due to difference in the ionic 

radii of Si
4+

 and Ti
4+

. Replacement of some of the Si
4+

 ions with Ti
4+

 ions resulted in pore 

enlargement. However by further increasing the titanium content pore size decreased and 

maintained the size of 3.3 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 N2 adsorption desorption isotherms of TS-x catalysts compared with silica alone. 



 
New Formulation for Noble Metal (Au, Pd) Supported Metal Oxides and Their Catalytic Applications  

 

Ph.D Thesis; December-2018: CSIR-NCL; Chapter-4 Page 108 
 

    

Table 4.1 Textural properties of titanosilicate nanospheres. 

4.3.3 Scanning Electron Microscopy (SEM)  

The morphology of synthesized titanosilicate catalysts was analyzed by SEM and it was 

found that those synthesized using TEA as the base showed spherical morphology while use 

of NH3 as the base resulted in complete destruction of morphology. The SEM images can be 

seen in Figure 4.4. 

 

 

Figure 4.4 SEM images of (a) SiO2 Nanospheres (b) TS-150 (c) TS-100 (d) TS 50 and (e) TS-100 N. 

Scale Bar: 500 nm.  
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It is clear from the SEM images that TEA played important role in obtaining spherical 

morphology which was not the case with NH3. This is because of complexation of alkoxide 

precursor of silica with TEA which forms silatranes. This complex hydrolyzes very slowly in 

the aqueous medium as compared to the untreated alkoxide precursor.
15

 This delay in the 

hydrolysis can provide sufficient time for the arrangement of small nuclei in a spherical 

manner which provides a spherical morphology. However when NH3 was used as the base, 

rapid hydrolysis occurred which resulted in the destruction of the morphology. This is the 

reason why titanosilicates synthesized using TEA showed spherical morphology while the 

one which was synthesized using NH3 (TS 100 N) showed irregular shape. 

 4.3.4 Transmission Electron Microscopy (TEM)  

It was clear from the SEM images that TS-x catalysts showed spherical morphology. Their 

2D morphology including their mesoporosity and Au NPs size in AuTS x catalysts were 

further probed using TEM analysis. Figure 4.5 shows the TEM images of TS and AuTS x 

catalysts along with TS 100 N catalyst. All the catalysts showed highly mesoporous 

titanosilicate spheres with worm hole kind of pores. This pore morphology was obtained 

because of using CTAC as the surfactant which generates this kind of pores in the material. 

 

 

Figure 4.5 TEM images of (a) TS 150 (b) AuTS 150 (c) TS 100 (d) AuTS 100 (e) TS 50 (f) AuTS 50 

(g, h) TS 100 N. Yellow arrows in (b, d and f) show Au NPs. 



 
New Formulation for Noble Metal (Au, Pd) Supported Metal Oxides and Their Catalytic Applications  

 

Ph.D Thesis; December-2018: CSIR-NCL; Chapter-4 Page 110 
 

TEM images of AuTS catalysts showed that size of gold NPs was very small in the range of 

2-3 nm (marked as yellow arrow). Since the loading of gold was very low and size of the NPs 

was very small it was difficult to get clear image of Au NPs. TS 100 N catalyst showed 

random morphology with low mesoporosity. Thus TEA played a bifunctional role by 

providing spherical shape as well as mesoporosity to the TS and AuTS x catalysts.  

4.3.5 Infra-red Spectroscopy 

Incorporation of titanium in silica framework can also be probed using IR spectroscopy. The 

band at 960 cm
-1

 corresponding to Si-O(X) stretching vibrations where X is H or any other 

heteroatom, can be seen.
8,21

 In the present case also transmittance band at around 960 cm
-1

 

was observed intensity of which increased after titanium incorporation (Figure 4.6). Bare 

silica showed negligible intensity of this band while TS-x samples showed well observed 

intensity which indicated incorporation of titanium in silica framework. However the exact 

coordination cannot be traced using IR spectroscopy. The other bands at 800 cm
-1

 and 1060 

cm
-1

 can also be seen which originated from the symmetric as well as asymmetric vibrations 

of Si-O-Si bonds respectively.  

   

 

 

 

 

  

 

 

 

 

 

Figure 4.6 IR spectra of TS x catalysts compared with SiO2 and TS 100 N. 
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4.3.6 X-ray Photoelectron Spectroscopy 

XPS analysis of titania-silica mixed oxides usually points towards a linear relationship 

between surface and bulk composition below 15 wt% Ti incorporation where both surface 

and bulk show similar titanium nature and beyond 15 wt% surface enrichment in silica is 

occupied mostly by titanium showing features mostly form bulk titania.
12

 This surface 

enrichment can be attributed to the different reactivity of titanium and silica alkoxide 

precursor in sol gel synthesis due to different hydrolysis and condensation rates. The higher 

hydrolysis rate of titanium alkoxide precursor during synthesis forms the titanium rich cores 

with Si rich shell instead of incorporation of titanium in silica framework which results in 

phase segregation of TiO2. But this effect was minimized in present case due to complexation 

of titanium precursor with TEA which slowed down the hydrolysis rate of this complex 

during synthesis and resulted in incorporation of titanium in silica matrix. Coordination of 

titanium in tetrahedral or octahedral way can be found out using XPS as the binding energies 

for both the coordinations are different. Pure titania shows binding energy at 458.7 eV while 

tetrahedrally coordinated isolated Ti centers in silica show peak towards higher binding with 

a shift of 1-1.5 eV with respect to titania.
12,22 

Extra framework octahedral titanium shows 

binding energy between pure titania and tetrahedral titanium incorporated in silica. XPS 

spectra of different TS x catalysts can be seen in Figure 4.7. 

 

Figure 4.7 (a) Ti 2p XPS spectra of TS x catalysts (b) relative fraction of different titanium species 

present in different catalysts.  
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It can be seen from the figure that presence of bulk titania was absent in all the catalysts and 

peaks corresponding to octahedral and tetrahedral coordinated titanium in silica were present. 

The relative fraction of these species in Figure 4.7b showed that TS 100 showed almost half 

of the Ti species as tetrahedrally coordinated isolated Ti centers while TS 50 showed 

minimum amount of these species. This indicates towards the formation of octahedrally 

coordinated titanium as extra framework species in silica when amount of titanium increased 

in TS 50. Similar observation was obtained from UV analysis also where the band at 270 nm 

showed broadening for this catalyst. This behavior of different catalysts played important role 

in catalytic activity.  

4.3.7 Catalytic Activity for Olefin Epoxidation  

The synthesized catalytic materials were tested for olefin epoxidation in liquid as well as gas 

phase. The reaction conditions have already been discussed in experimental section for gas 

phase and liquid phase epoxidation.  

4.3.7.1 Liquid phase olefin epoxidation 

Olefin epoxidation in the liquid phase was carried for cyclohexene, cyclooctene and 

norbornene as light and bulky olefins respectively over TS-x catalysts. The activity results 

have been tabulated in Table 4.2.  
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S.No. Catalyst Substrate Oxidant Xolefin Sepoxide Sothers 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

Blank 

SiO2 

TS 150 

TS 100 

TS 50 

TS 100 N 

TS-1 

TS 150 

TS 100 

TS 50 

TS 100 N 

TS-1 

 

TS 150 

TS 100 

TS 50 

TS 100 N 

TS-1 

TS 100 

TS 100 

TS 100 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclooctene 

Cyclooctene 

Cyclooctene 

Cyclooctene 

Cyclooctene 

 

Norbornene 

Norbornene 

Norbornene 

Norbornene 

Norbornene 

Cyclohexene 

Cyclooctene 

Norbornene 

H2O2 

H2O2 

H2O2 

H2O2 

H2O2 

H2O2 

H2O2 

H2O2 

H2O2 

H2O2 

H2O2 

H2O2 

 

H2O2 

H2O2 

H2O2 

H2O2 

H2O2 

TBHP 

TBHP 

TBHP 

No 

- 

24 

24 

20 

28 

25 

22 

27 

25 

16 

8 

 

15 

20 

19 

12 

7 

31 

25 

26 

- 

- 

32 

63 

61 

28 

85 

98 

100 

100 

97 

100 

 

100 

100 

98 

98 

100 

42 

95 

98 

- 

- 

68 

37 

39 

72 

15 

2 

- 

- 

3 

- 

 

- 

- 

2 

2 

- 

58 

5 

2 

 

Table 4.2 Olefin epoxidation results over TS x catalyst. Time: 4hr for cyclohexene and 6 hr for 

cyclooctene and norbornene, Temperature: 60 
o
C, Xolefin: % conversion of olefin, Sepoxide: % selectivity 

of epoxide, Sothers: % selectivity of other products which include enol, enone and diol. TS-1 used was 

commercial titanosilicate with Si/Ti ratio 100.  

The activity results for the liquid phase epoxidation of three different olefins showed that TS 

100 catalyst performed best among all the catalysts. For cyclohexene oxidation for all the Ti 

incorporated catalysts showed similar activity but epoxide selectivity was exceptional for TS-

1 which was obvious since TS-1 is known to show very high selectivity for cyclohexene 

oxide due to presence of isolated tetrahedral titanium centers. However for bulky olefins like 

cyclooctene and norbornene TS-1 showed very low conversion due to micro porosity of this 

catalyst which imposed diffusion limitations. TS 100 N catalyst showed similar conversion 

for cyclohexene as that of TS 100 but selectivity for epoxide was very low.  
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The XPS analysis performed on TS x catalysts showed maximum amount of tetrahedral 

titanium (46%) in TS 100 which has been reflected in the catalytic activity for this catalyst. 

Presence of optimum amount of tetrahedral titanium with optimum mesoporosity in TS 100 

catalyst made this catalyst most active. The effect of titanium coordination was not prominent 

for bulky olefins since they can form epoxide with more feasibility than lighter olefins. These 

is because of minimized ring strain in bulky olefins due to which all the catalysts showed 

more than 90% selectivity for cyclooctene and norbornene oxide. Effect of solvent was also 

examined for cyclohexene oxidation over TS 100 catalyst. Solvent scope was tested by 

carrying out the reaction in methanol as well as in dichloroethane apart from acetonitrile. In 

methanol conversion was higher as compared to acetonitrile (30%) but epoxide selectivity 

was negligible and diol was formed as the major product along with other products. In 

dichloroethane both conversion and selectivity were negligible. The selectivity difference for 

acetonitrile and methanol can be attributed to polarity difference of these solvents. For 

acetonitrile dielectric constant is 37.5 while for methanol it is 32.7 and the high dielectric 

constant resulted in enhanced selectivity of cyclohexene oxide. It is also known that 

acetonitrile can activate H2O2 by forming peroxycarboximidic acid intermediate which is a 

good oxygen transfer agent
23

 hence results in better selectivity for epoxide. Use of TBHP as 

an oxidant did not show any pronounced effect in the catalytic activity however selectivity 

decreased for epoxides which shows the compatibility of these catalysts (TS x) with H2O2 to 

show high epoxide selectivity. Thus liquid phase olefin oxidation results showed that TS 100 

was the most active catalyst due to more amount of isolated titanium centers with appreciable 

mesoporosity. The catalytic activity of these catalysts was tested for gas phase propene 

epoxidation after supporting gold and discussed in next section. 

4.3.7.2 Gas phase Propene Oxidation  

After supporting 0.2 wt% gold on TS x catalysts, their activity was tested for propene 

oxidation in gas phase in the presence of molecular O2 and H2. Gold plays bifunctional role in 

propene epoxidation by generating H2O2 insitu from H2 and O2 which then reacts with the 

titanium species present in the close proximity of gold to oxidize propene. The effect of 

titanium coordination is more critical in this case as compared to other discussed olefins due 

to small size of propene and high activity of allylic H present which can undergo oxidation 

and form undesired products. The size of gold NPs is also crucial as only Au NPs of 2-3 nm 

are considered to be active for H2O2 production. The reaction conditions had already been 



 
New Formulation for Noble Metal (Au, Pd) Supported Metal Oxides and Their Catalytic Applications  

 

Ph.D Thesis; December-2018: CSIR-NCL; Chapter-4 Page 115 
 

mentioned in the experimental section. The conversion for propene was always less than 1% 

for all the catalysts at all the temperatures tested. The low conversion of propene has always 

been a bottle neck problem in propene epoxidation. One reason is presence of low amount of 

active Ti centers as only a limited amount can be successfully incorporated in the silica 

matrix with tetrahedral coordinated Ti. Exceeding the limit results in the formation of extra 

framework titanium species which is detrimental for H2O2 stability. Another probable reason 

is gold loading. Usually the gold loading for propene epoxidation are kept below 1 wt% 

because increase in the loading increases the gold NPs size also and for H2O2 production Au 

NPs size should be below 5 nm specifically 2-3 nm. Also excess amount of gold may reside 

on silica which itself is the site for undesired product formation since these are the sites for 

decomposition of H2O2 and hydrogenation of propene.
24

 This is the reason that Au based 

catalysts have not been commercialized till present even though the selectivity for propene 

oxide (PO) is more than 90%.  

The selectivity and yield of PO over AuTS x catalysts at 423 K can be seen in Figure 4.8. The 

selectivity plots for different catalysts showed formation of different oxygenates. Similar to 

liquid phase epoxidation gold supported TS 100 i.e. AuTS 100 catalyst showed the highest 

selectivity for propene oxide (77%) and least selectivity was obtained over AuTS 50 catalyst. 

As shown in UV and XPS spectra TS 100 showed the maximum amount of tetrahedrally 

coordinated isolated Ti centers with an optimum size of gold NPs. The %  of tetrahedral Ti 

was 46 %, 36% and 30% for AuTS 100, AuTS 150 and AuTS 50 respectively which resulted 

in the PO selectivity in similar order.  

 

Figure 4.8 (a) Selectivity of different products and (b) yield of PO on AuTS x catalysts at 423 K. 

(a) (b) 
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The activity of Au/titanosilicate for propene oxidation strongly depends upon the synthesis 

procedure, gold loading and addition of different promoter. A summarized comparison of 

different Au/titanosilicate catalysts with best activity till present has been presented in the 

table below.   

  

*H2:O2:C3H6:inert= 10:10:10:70, # Space Time Yield of PO in gPO.kgcat
-1

.h
-1

, % Xpropene= propene conversion, % 
SPO= PO selectvity 

              Table 4.3 Gas phase propene epoxidation with H2 and O2 over Au based catalysts. 

The summary of important Au based catalysts for propene epoxidation in above table showed 

that conversion of propene has not crossed the value required for commercialization of Au 

based catalyst (>10%) even though the selectivity achieved is impressive (90-95%). Another 

difficulty to obtain high PO yield is small operational window of O2 and H2 ratio since these 

form highly explosive mixtures hence the ratio cannot be increased beyond a certain limit. 

Thus propene epoxidation using O2 and H2 over Au based catalyst is still a hard nut to crack.  

As mentioned earlier that AuTS 100 in the present work showed best activity among all the 

screened catalysts however the yield of PO was still poor as compared to above mentioned 

catalysts. The behavior of this catalyst at different temperature has been summarized Table 

4.4 and 4.5.  

Catalyst 
Reaction 

temp (K) 

GHSV 

(mL.gcat
-1

.h
-1

)* 
% X propene % S PO STY PO

#
 Ref. 

1 wt% Au/TiO2 323 4000 1.1 >99 12 25 

1 wt% Au/Ti-SiO2 398 6600 1.5 80 10 26 

1 wt% Au/TS-1 448 6600 1.5 95 16 26 

0.3-0.4 wt% 

Au/mesoTi-SiO2 
423 4000 5-9.8 90-95 130-150 11 

0.05 wt% Au/TS-1 

(Si/Ti=36) 
423 7000 8.8 81 110 27 

0.25 wt% Au/Ti- 

SBA-15 
393 15000 1.17 90 41 28 

0.25 wt% Au/TS-1 

Alkali treated 
473 8000 8.8 82 137 29 

0.14 wt% Au/TS-1 

Cs promoted 
473 14000 11.4 88 320 30 

0.1 wt% Au/Ti-SiO2 473 10000 4.6 85 120 31 

0.13 wt% Au/meso 

TS-1 
473 14000 4.6 95 140 32 

Au-Ag/TS-1-B 

(blocked pores) 
473 14000 4.5 83 174 33 

AuTS 100 423 10000 0.64 77 13 
This 

work 
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Temp. (K) 403 423 453 473 423 

% Conversion 0.44 0.64 1.15 1.67 0.59 

% Selectivity 81 77 57 33 75 

Yield 0.36 0.49 0.65 0.55 0.44 

% H2 Efficiency 9.69 7.51 4.75 2.54 7.51 

Av.H2O rate 

(mol/(g.cat*s)) 

4.12E-07 7.32E-07 1.60E-06 2.60E-06 6.72E-07 

Av. PO rate 

(gPO/(kg.cat*h)) 

9.23 12.41 16.70 14.13 11.40 

 

Table 4.4 Activity results of AuTS 100 catalyst at different temperatures. 

 

Temp. (K) 403 423 453 473 423 

PO 80.49% 77% 56.77% 33.17% 75.45% 

Acetaldehyde 1.35% 1.15% 2.97% 4.40% 1.69% 

Acrolein 0.53% 0.88% 2.77% 4.31% 1.29% 

Propanal 15.32% 18.91% 33.98% 51.29% 18.58% 

C3H8 0.00% 0.00% 0.00% 0.00% 0.00% 

Acetone 2.32% 2.14% 3.43% 5.86% 3.00% 

              

Table 4.5 Selectivity of AuTS 100 for different products at different temperatures 

It can be seen from the Table 4.4 that as the temperature increased conversion also increased 

but selectivity towards PO decreased due to formation of other products. It is noteworthy that 

this catalyst did not show formation of any propane while AuTS 150 showed almost 30% of 

propane formation. Propane formation is facilitated over Au NPs of size less than 1 nm or 

more than 5 nm.
34

 However TEM images showed Au NPs of size less than 5 nm. Thus the 

probable reason for propane formation could be interaction of some of the Au NPs with silica 

which was possible due to less titanium content. Au-silica interaction led to hydrogenation of 

propene instead of its oxidation.
24

 AuTS 50 did not show any propane formation but its 

showed selectivity for propanal due to presence of extra framework titanium species. These 

species are highly acidic which are responsible for the formation of bidentate propoxy species 

from PO and form undesired products such as propanal and acetone.
35

  

Deactivation of the catalyst has always been a problem in propene epoxidation and catalyst 

can deactivate severely within the 30 min of the reaction. However in the present case time 

on stream reaction performed on AuTS 100 catalyst for 5 h showed constant stability.  
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  Figure 4.9 Stability test of AuTS 100 catalyst under reaction conditions at different temperatures. 

A small deactivation was observed at initial 5-10 minutes at 403 K after which the stable 

activity was observed. At higher temperature the catalyst showed constant PO rate throughout 

the reaction time demonstrating the stability of the catalyst. The present propene epoxidation 

results showed that gold supported titanosilicate nanospheres possessed improved selectivity 

for PO than ATS catalysts as discussed in Chapter 2 though the conversions were still less 

than 1 wt%. Low loading of gold with small NPs along with presence of isolated tetrahedral 

titanium led to improved selectivity for PO. AuTS 100 showed the best activity among all 

AuTS x catalysts. AuTS 150 showed propane as the major by product due to low content of 

titanium and Au-SiO2 interaction. Formation of propanal as the major product in AuTS 50 

catalyst was attributed to presence of more amount of extra framework titanium species.    

4.4 Conclusion 

Mesoporous titanosilicate nanospheres were synthesized using TEA as the modifier for silica 

and titanium precursor, base as well as structure directing agent to provide spherical 

morphology. The nanospheres were highly mesoporous with a pore size in the range of 3-3.3 

nm.. The liquid phase epoxidation of light and bulky olefins over these nanospheres showed 

that TS 100 was most active with almost 50% of tetrahedral titanium sites (as estimated from 

XPS) due to which high selectivity for respective epoxide was obtained over this catalyst. 

Gold supported nanospheres, AuTS x were screened for gas phase propene oxidation in the 

presence of O2 and H2. For gas phase epoxidation also AuTS 100 catalyst showed best 

activity which can be attributed to close proximity of optimum less than 5 nm Au NPs with 



 
New Formulation for Noble Metal (Au, Pd) Supported Metal Oxides and Their Catalytic Applications  

 

Ph.D Thesis; December-2018: CSIR-NCL; Chapter-4 Page 119 
 

isolated tetrahedral titanium centers. The comparison of PO production of this catalyst with 

reported Au based catalyst showed that AuTS x catalyst still requires modifications in terms 

of selective generation of active titanium centers so as to obtain a catalyst with high propene 

conversion and PO selectivity.      
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CHAPTER 5 

 

Pd/SBA-15 Catalyzed Hydrogenation Reactions 

Part A:  Atmospheric pressure CO2 hydrogenation over Ti modified Pd/SBA-

15 catalyst. 

Part B:  Nitrobenzene reduction to N-ethyl aniline over Pd/meso-SiO2 catalyst. 

 

 

 

 

 

 

This chapter is based on: 

1. Observing selectivity switch for CO2 hydrogenation over Ti modified Pd/SBA-15 

catalyst. Yogita Soni, Sharad Gupta, C. P. Vinod (Manuscript under 

preparation) 

2. Direct reductive monoalkylation of nitrobenzene to N-ethyl aniline over 

Pd/meso-SiO2. Yogita Soni, Milda C. Philip, C. P. Vinod (Manuscript under 

preparation) 
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This chapter comprises hydrogenation reactions over Pd NPs supported on mesoporous silica 

and is discussed in two separate parts as: 5A and 5B.  

Part 5A. Atmospheric pressure CO2 hydrogenation over Ti modified Pd/SBA-15 

catalyst 

5A.1 Introduction 

Modern trends of civilization and our critical dependence on fossil fuels have tremendously 

increased the anthropogenic CO2 emission in environment. Even though CO2 is a non 

poisonous gas it is one of the major constituents of green house gases and its continuous 

emission in earth’s atmosphere has severely affected the global climate resulting in global 

warming and ocean acidification.
1
 Considering the adverse effect of changes in global 

climate it is highly recommended to cut CO2 emission so as to restrict the temperature 

increase to 1.5 
o
C above pre industrial levels. CO2 capture and sequestration (CCS) has 

emerged as the potential mitigation route and is anticipated to reduce the CO2 emission to 

19% as required in 2050, 
2,3,

 but its potential leakage limits the use of this method as an 

effective solution. Also the development of this process is slow and unpopular due to its high 

process and construction cost especially in developing countries.
4
 Chemical transformation of 

CO2 to valuable products is the most attractive alternate to mitigate CO2 emissions and can be 

achieved via photocatalysis, electrocatalysis and thermal catalysis.
5-8 

However, the 

conversion and selectivity are not so impressive due to very high stability of CO2. 

Photocatalysis and electrocatalysis seem to be promising due to use of solar energy and are 

less energy intensive but the low efficiency of these methods makes them unviable for large 

scale CO2 conversion.  Thermal catalysis is conversion of CO2 to various products at very 

high temperature making it an energy intensive process due to high stability of CO2 molecule. 

The use of extra energy in form of high temperature for CO2 conversion can be minimized by 

reacting CO2 with a reactive molecule such as H2. Heterogeneous hydrogenation of CO2 can 

produce various organic molecules such as CO, hydrocarbons, oxygenates such as alcohols, 

formic acid etc. by tuning the reaction conditions as well as catalysts.
9-11

 High pressure of 

feed gases is usually required to obtain optimum yield of higher hydrocarbons (C
2+

) and 

oxygenates. Atmospheric conversion of CO2 most often results C1 products such as CO, CH4 

and sometimes methanol also but in very small yield. While CO is an important feed stock 

molecule of Fischer Tropsch (FT) synthesis,
12,13

 CH4 is an important fuel used as natural gas 

and major source of H2 generation by stream reforming.
14

 Various transition metal based 
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catalyst have been reported for CO2 conversion to C1 products and activity can be tuned for a 

specific product by tuning the catalytic properties.
15

 The stability of the intermediates formed 

during the reaction actually decides the selectivity of different products. Apart from metal 

used another important parameter which can switch the product selectivity is metal support 

interaction.
16

 Considerable efforts have been devoted to understand the elementary steps and 

sites required for CO2 conversion at metal/oxide interface. However the exact reaction 

mechanisms and their intermediates are still controversial. Stabilization of reaction 

intermediates at particular sites can be one of the deciding factors for selectivity switch. 

Recent literature reports have shown the effect of metal support interaction on the product 

selectivity.
16,17

  Cu/ZrO2 catalyst shows the crucial role of metal support interaction in 

stabilizing the formate intermediate species which were responsible for getting high methanol 

selectivity.
18

 Rh NPs supported on reducible support interestingly showed formation of 

adsorbate induced strong metal support interaction which changed the selectivity from CH4 to 

CO hence proving the crucial role of metal support interaction.
19

 Photoelectrochemical CO2 

conversion to CO and H2 over Pt/TiO2 showed high efficiency due to synergistic interaction 

at Pt-Ti interface which structurally provided sites for CO2 conversion to CO.
20

 These reports 

emphasis the role of metal-support interface in fine tuning the conversion and selectivity for 

CO2 hydrogenation. 

 Pd is one of the important hydrogenation catalyst and its catalytic activity for CO2 

hydrogenation at atmospheric pressure usually proceed through RWGS (reverse water gas 

shift) reaction as the dominant pathway thus forming CO as the major product.
21

 In the 

present study we have synthesised Pd supported on SBA-15 by a modified deposition 

precipitation (DP) method as discussed in Chapter 3. NH4Cl has been used as the insitu 

modifier of Pd precursor which helped in successful deposition of small Pd NPs on SBA-15 

with desired loading. The synthesized Pd/SBA-15 catalyst was further modified with titanium 

to obtain Pd/Ti-SBA-15. The synthesized Pd catalysts with variable Si/Ti molar ratios were 

screened for CO2 hydrogenation at atmospheric pressure and compared with individual TiO2 

and SBA-15 supports. Ti modified silica has most often been considered as the oxidation 

catalyst especially for epoxidation reaction while its hydrogenation property has been 

scarcely reported.
22

 The present chapter has demonstrated the peculiar properties of Ti 

modified SBA-15 (Ti-SBA-15) as the heterogeneous hydrogenation catalyst. It has been 

observed that both conversion as well as selectivity can be tuned by modifying Pd/SBA-15 

catalyst with titanium. The role of oxygen vacancies generated in the support after Ti 
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modification and synergistic interactions at Pd-Ti interface have been discussed in the present 

chapter . The CO2 hydrogenation activity of this catalyst has been compared with Pd-SBA-15 

and Pd-TiO2 and crucial influence of support is revealed in this chapter.   

5A.2 Experimental Section 

5A.2.1 Synthesis of Pd/SBA-15 catalyst: Small Pd NPs were supported on SBA-15 by 

modified DP method as discussed in Chapter 3. Briefly, 500 mg of SBA-15 support was 

dispersed in water to which NH4Cl was added. Then the pH of the solution was maintained at 

9-9.5 using NaOH solution and required amount of Pd (4 wt%) was added drop wise while 

maintaining the pH. The catalyst was further stirred for an hour after which the catalyst was 

collected and dried at 70 
o
C overnight.  

5A.2.2 Modification of Pd/SBA-15 catalyst with titanium: The as synthesized Pd/SBA-15 

catalyst without calcination was further modified with titanium by post grafting method. 

Titanium(IV)tetraisopropoxide (TIP) was used as titanium precursor. Before adding it to the 

Pd/SBA-15 catalyst TIP was modified with acetylacetonate (acac) so as to prevent the rapid 

hydrolysis of TIP. Required amount of TIP was added to acac in ethanol and vigorously 

stirred for 1 h. Meanwhile Pd/SBA-15 catalyst was dispersed in ethanol and modified 

titanium precursor was added to this solution. The catalyst was further agitated at moderate 

rpm for 3 h. The catalyst was collected after evaporating ethanol at 40 
o
C under rotator 

evaporation and dried at 70 
o
C. The final titanium modified Pd/SBA-15 catalyst was obtained 

after calcination at 400 
o
C for 4 h. Depending upon the Si/Ti ratio used in the synthesis, 

catalyst was designated as PdTS-x where x denoted Si/Ti molar ratio. The Pd loading was 4 

wt%. For comparison Pd/TiO2 of similar Pd loading was also synthesized by wet 

impregnation method.  

5A.2.3 Catalyst Characterization: DRUV analysis was done by Shimadzu 2700 

spectrophotometer with an integrated dual beam source equipped with a diffuse reflectance 

attachment. He lamp and tungsten lamp were the UV and visible light source respectively 

BaSO4 was used as the standard. Nitrogen adsorption isotherms were measured with an 

Micromeritics Tristar 3000 apparatus with adsorption analyzer at liquid nitrogen temperature. 

Before the analysis samples were degassed under vacuum at 300 
o
C for 3h. The specific 

surface areas were measured from BET method at relative pressure ranging from 0.5 to 0.2. 

The total pore volumes were determined by total volume adsorbed at relative pressure of 

0.95. The pore size distribution curves were obtained from desorption branch of isotherm 
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using BJH equation. X-ray diffraction (XRD) patterns were recorded on a HUBER G-670 

diffractometer fitted with an anti-cathode Cu Kα (λ = 1.54178 Å). XRD patterns were 

recorded over 2θ values ranging from 10° to 80°, with a scanning rate of 5s/step and 0.05 step 

sizes. Low-angle XRD patterns were recorded on a D8 advances X-ray diffractometer 

(Bruker AXS) fitted with a CuKα (λ =1.5406 A
o
) range 0.5-6° with a 0.02° steps. ICP 

analysis was done in Venture Centre, NCL Innovative Park. All the sample were completely 

digested in acid before analysis. TEM analysis was carried out by TECHNAI FEI instrument 

working at voltage of 200 kV with LaB6 as the filament. The samples for TEM analysis were 

prepared in ethanol and dried completely before analysis. XPS measurements were carried 

out using Thermo Kalpha+ spectrometer using micro focused and monochromated Al Kα 

radiation with energy 1486.6 eV. The pass energy for spectral acquisition was kept at 50 eV 

for individual core-levels.  The electron flood gun was utilized for providing charge 

compensation during data acquisition. Palletized samples were used for analysis. The peak 

fitting of the individual core-levels were done using XPS peak-41 software with a Shirley 

type background. 

5A.2.4 Gas phase atmospheric pressure CO2 hydrogenation: 100 mg of the catalyst was 

loaded in a continuous plug-flow quartz reactor (30 cm in length, 6 mm in i.d.) mounted 

inside temperature controlled vertical tube furnace. All the catalysts were reduced in H2 flow 

at 400 
o
C for 3 h before starting the reaction. The catalytic activity was evaluated at 

atmospheric pressure with 23 vol% CO2 and 72 vol% H2 balanced with N2. The flow rate of 

feed gases was 9 ml/min with a GHSV of 5400 mL (gcat·h)
-1

 and was controlled by individual 

Alicat mass flow controllers. The concentrations of CO, CO2, N2 and hydrocarbons in the 

outlet streams were analyzed by an online gas chromatography system (Nucon 5765) 

equipped with a Thermal Conductivity Detector (TCD) and Flame Ionization Detector (FID) 

using He as the carrier gas. Permanent gases were analyzed by TCD carbosieve column and 

hydrocarbons by FID capillary column. The CO2 conversion, X (CO2) was calculated as: 

 

 

 

The selectivity S for different products was calculated as: 
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5A.3 Results and Discussion 

The synthesized catalysts were investigated by microscopic and spectroscopic 

characterization techniques so as to correlate the physicochemical properties with the 

catalytic activity.  

5A.3.1 DRUV Analysis 

 The modification of silica by titanium can happen in two ways- titanium can either occupy 

the silica lattice or it can be present as extra framework, phase segregated titania domains. 

The preliminary information about nature of titanium in silica lattice was obtained from 

DRUV analysis (Figure 5A.1) which shows that titanium has occupied the silica lattice as 

indicated by the presence of band at 220-230 nm which signifies the charge transfer between 

tetrahedral titanium Ti
4+

 and O
2-

 ions.
23,24

 For perfect isolated tetrahedral titanium in silica 

lattice this band appears at 210-220 nm but the red shift in this band is due to distorted 

tetrahedral titanium in silica.
25

  

 

 

 

 

 

 

 

 

 

                     Figure 5A.1 DRUV spectra of PdTS-x catalysts with different titanium content. 

Another band between 260-290 nm was also observed due to presence of extra framework 

titanium or titanium in octahedral coordination in silica lattice observed similarly for ATS 

samples in Chapter 2. The broadening of this band increased on moving from PdTS-25 to 

PdTS-1 indicating the formation of phase segregated titania due to increased loading of 

titanium in PdTS-1. In PdTS-1 this band showed features similar to titania which indicates 

that complete phase segregation happened on moving from PdTS-50 to PdTS-1. The presence 

of band in the range of 400-500 nm can be attributed to oxidized Pd NPs which appeared due 

to the charge transfer between Pd
2+

 and O
2-

 ions.
26

 This band showed red shift after 
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modification with titanium which is an indication of increase in Pd NPs size after titanium 

incorporation. Thus DRUV analysis shows that along with tetrahedral titanium in silica 

lattice phase segregated titanium was also present when weight loading of titanium increased 

beyond Si/Ti ratio 5.  

5A.3.2 X-ray Diffraction analysis 

The powder XRD analysis of PdTS-x catalyst can be seen in Figure 5A.2. The small angle 

XRD of the catalysts as shown in figure 5A.2a, exhibited the major reflections at 0.93
o
, 1.63

o
 

and 1.86
o
 which correspond to ordered 2D hexagonal mesoporous structure of SBA-15 with a 

space group of p6mm.
27

 The intensity of these peaks was maximum in pristine SBA-15 and 

decreased after deposition of Pd as well as Ti incorporation. However the presence of these 

peaks in all the samples except PdTS-1 confirmed that mesoporous structure of SBA-15 was 

preserved even after Pd and Ti loading. In PdTS-1 the structure collapsed drastically which 

was reflected as a feeble peak at 0.93
o
 while other reflections were completely vanished.  

Small angle XRD analysis confirmed the successful deposition of Pd as well as incorporation 

of Ti in the mesoporous channels while maintaining the inherent mesoporosity of SBA-15.  

    

Figure 5A.2 XRD analysis of Pd/SBA-15 and PdTS-x catalysts. 

 In the wide angle XRD analysis, Pd/SBA-15 catalyst did not show any reflections of PdO 

which is due to presence of highly dispersed small sized Pd NPs in SBA-15 channels. After 

titanium modification clear reflection from PdO (101) could be seen at 33.8
o 

which showed 

that titanium addition increased the size of Pd NPs as observed from DRUV analysis also. 

The particle size calculation from Scherer formula showed that PdTS-1 and Pd/TiO2 had Pd 

NPs of size 8 nm while PdTS-5, 10 and 25 showed particles of size 6-7 nm. Moreover the 
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reflections from phase segregated titanium were not visible up to PdTS-10 while in PdTS-5 

feeble peak and in PdTS-1 strong  reflections from anatase titania were visible.
28

 Thus XRD 

analysis corroborates the results obtained from DRUV that incorporation of titanium in 

Pd/SBA-15 catalyst increased the Pd NPs size with complete phase segregation of titania in 

PdTS-1 catalyst.   

5A.3.3 Transmission Electron Microscopy Including EDX 

TEM analysis was performed to examine the effect of titanium incorporation in the 

mesoporosity of Pd/SBA-15 as well as to confirm the results obtained from XRD and DRUV 

analyses about Pd NPs size.  The TEM images (Figure 5A.3) clearly showed that mesoporous 

channels of SBA-15 were still maintained after titanium incorporation except PdTS-1 where 

phase segregated titania destroyed the mesoporosity and was quite visible. The Pd/SBA-15 

catalyst showed highly dispersed small sized Pd NPs encapsulated in mesoporous channels of 

SBA-15 of size 2-3 nm. PdTS-50 to PdTS-5 also showed Pd NPs to be intact in mesoporous 

channels with high dispersion. But some morphology destruction was observed in these 

samples. Pd/TiO2 catalyst showed the titania particles of size 20-30 nm with Pd NPs size to 

be 7-8 nm which was similar to what was calculated from XRD. Pd NPs in all the PdTS-x 

catalysts showed almost similar size in the range of 5-6 nm except PdTS-1 where particle size 

was similar to Pd/TiO2 catalyst.  
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Figure 5A.3 TEM images of (a, b) Pd/SBA-15 (c) PdTS-50 (d) PdTS-25 (e) PdTS-10 (f) PdTS-5 and 

(g) PdTS-1 and (h) Pd/TiO2 catalysts.  

Further the SEM-EDAX analysis of these catalysts showed that by increasing the Si/Ti ratio 

from 50 to 1 the amount of titanium increased from 1.7 wt% to 20%. The content of titanium 

in PdTS 50, 25, 10, 5 and 1 was 1.5, 3.5, 6.6, 14 and 20 wt% respectively.  

5A.3.4 N2 Porosimetry Analysis 

The textural property of the catalysts was evaluated by N2 adsorption and desorption which is 

shown in Figure 5A.4. It can be seen that all the catalysts follow type IV isotherm hysteresis 

corresponding to the filling of mesopores in the pressure range of 0.6-0.9. However PdTS-1 

catalyst showed the minimum amount of N2 adsorption and that also in the range of 0.5-0.8 as 

compared to other PdTS-x catalysts which indicates the pore blocking of SBA-15 upon 

introduction of titanium. 

The textural properties of catalysts are shown in Table 5A.1. As expected, the surface area 

and pore volume of Pd/SBA-15 were maximum as compared to titanium modified catalysts. 
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Figure 5A.4 N2 Adsorption isotherm of PdTS-x catalysts compared with Pd/SBA-15. 

Among PdTS-x catalysts PdTS-1 showed minimum surface area with lowest pore diameter 

and pore volume. This is obvious since the amount of titanium in this catalyst was highest 

which hindered the mesoporous structure of this catalyst. The textural properties of these 

catalysts confirmed the mesoporous nature of Pd/SBA-15 catalyst after titanium 

modification. 

 

                                     Table 5A.1 Textural Properties of PdTS-x catalysts. 

5A.3.5 X-ray Photoelectron Spectroscopy 

As discussed in DRUV analysis the occupancy of titanium in tetrahedral/octahedral 

environment in PdTS-x catalyst showed both the features which was further confirmed by 

XPS analysis. The tetra coordinated titanium shows binding energy at higher region as 

compared to octahedral coordinated Ti
4+

 ions. XPS analysis done on PdTS-x catalysts 

Catalyst Surface area 

(m
2
/g) 

t-plot Surface 

area (m
2
/g) 

Pore diameter 

(nm) 

Pore volume 

(cm
3
/g) 

 

Pd/SBA-15 

PdTS-25 

PdTS-10 

PdTS-5 

PdTS-1 

 

417 

341 

329 

310 

251 

 

351 

301 

282 

269 

222 

 

8.4 

8.9 

8.5 

7.6 

5.5 

 

1.03 

0.898 

0.797 

0.664 

0.382 
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showed both the features at 458.8 and 459.9 eV for octahedral and tetrahedral coordination 

respectively as can be seen in Figure 5A.5(a). 
29,30

  

 

 

 

 

 

 

 

 

 

  

 

Figure 5A.5 (a) Ti 2p XPS spectra of reduced PdTS-x catalysts compared with Pd/TiO2 (b) % fraction 

of different Ti species present in the catalysts. All the catalysts were reduced at 400 
o
C in H2 flow. 

However, small TiO2 clusters of size < 5 nm highly dispersed in silica show binding energy 

values similar to tetrahedrally coordinated Ti.
30

 But in the present case DRUV analysis 

showed UV band at 220-230 nm which is typically for tetra coordinated Ti in silica lattice. It 

can be seen that as the amount of titanium increased the contribution of tetrahedral Ti
4+

 

deceased (lowest for PdTS-1) which is due to formation of phase segregated titania. The XPS 

analysis was performed on reduced catalysts which showed another feature towards lower 

binding energy at 457.8 eV. This peak can be attributed to Ti
3+

 ions due to generation of 

oxygen vacancies in hydrogen environment.
31

 From Figure 5A.5 (b) it can be observed that 

PdTS-5 showed maximum amount of Ti
3+ 

(16%) which can be correlated to amount of 

oxygen vacancies generated. Interestingly Pd/TiO2 did not show any oxygen vacancy 

generation which shows that introduction of titanium in silica could potentially generate 

defect centres in the support. To explore more about Pd-Ti electronic interaction Pd 3d XPS 

spectra was recorded (Figure 5A.6) for these catalysts.  

The XPS spectra of Pd showed two peaks at 335.2 and 336.8 eV which correspond to 

metallic Pd and Pd in +2 oxidation states respectively.
32 

The amount of metallic Pd increased 

as the amount of Ti increased from PdTS-25 to PdTS-1 and Pd/TiO2 showed the maximum 
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amount of metallic Pd (84%) due to pure titania phase. This behaviour of Pd NPs can be 

explained on the basis of redox property of titania so as to maintain the metallic character of 

Pd.  

 

Figure 5A.6 (a) Pd 3d XPS spectra of reduced PdTS-x, Pd/TiO2 and Pd/SBA-15 catalysts (b) % 

fraction of different Pd species present in different catalysts.  

With an increase in the amount of Ti the chances of interaction of Pd with titanium was 

increased which resulted in more metallic content of Pd. It is well known that interaction of 

metal with redox support can induce electronic changes in the metal. In the present study also 

Pd-Ti interaction modified the electronic properties Pd and helped to maintain its metallic 

character. Among PdTS-x catalysts PdTS-1 showed the maximum amount of metallic Pd 

which was obvious due to the presence of phase segregated titania which like Pd/TiO2 

preserved the metallic character of Pd. Other PdTS-x i.e. PdTS-25, 10 and 5 catalysts also 

showed metallic Pd as the major peak with marginal decrease in the metallic content from 

PdTS-5 to PdTS-25. One probable reason of decreased amount of metallic Pd on decreasing 

the titanium content could be interaction of Pd with silica since most of the titanium is 

embedded in silica. Since silica is an inactive non reducible support it cannot facilitate the 

reduction of Pd oxide to metallic Pd as strongly as that of titanium. Introduction of titanium 

and close vicinity of Pd-Ti led to easy reducibility of Pd.  
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For a comparison the XPS analysis of TS-5 alone was carried out after reduction in same 

conditions as that of PdTS-5. It was observed that support alone showed only 4% oxygen 

vacancy generation as compared to PdTS-5 which showed 16 % of oxygen vacancies. 

 

 

 

 

 

 

 

 

 

                      Figure 5A.7 XPS spectrum of TS-5 support after reduction. 

 This indicates that Pd helped in the oxygen vacancy generation in the support at the 

interface. This is feasible as hydrogen can easily get activated on Pd NPs which in turn reacts 

with oxygen of support at metal-support interface thereby creating oxygen vacancies. This 

kind of metal assisted oxygen vacancy generation in the support is a well documented 

phenomenon in literature where metal NPs at the perimeter sites helps in generation of defect 

centres under certain conditions.
33,34

 Supports like CeO2, TiO2, Fe2O3 etc. are known to 

generate oxygen vacancies when in close proximity of metal NPs.
35

 It is noteworthy that 

oxygen vacancy in the support increased from PdTS-25 to PdTS-5 and further decreased in 

PdTS-1 and negligible amount was present in Pd/TiO2 which manifests  strong interaction of 

Pd and Ti when titanium was dispersed in silica.
 

The oxygen vacancies can help to maintain the metallic character of metal as well as take part 

in reaction also. PdTS-5 catalyst showed the maximum amount of oxygen vacancies with an 

appreciable amount of metallic Pd. Thus XPS analysis strongly points towards the increased 

metal support interaction in Pd/SBA-15 catalyst after titanium modification which resulted in 

ample amount of oxygen generation and preservation of metallic character of Pd. 
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5A.3.6 CO2 hydrogenation activity 

The synthesised catalysts were screened for CO2 hydrogenation at atmospheric pressure in 

the temperature range of 473-673 K with CO2 to H2 ratio as 1:3. All the catalysts were pre-

treated in H2 atmosphere at 400 
o
C with a flow of 15 ml/min for 3 h to ensure the reduction of 

Pd to metallic form. The CO2 hydrogenation activity results can be seen in Figure 5A.8. 

 

Figure 5A.8 (a) CO2 hydrogenation activity of different catalyst w.r.t temperature (b) comparison of 

activity and selectivity for CH4 at 673 K. 

The activity plot in Figure 5A.8a showed the CO2 hydrogenation of different catalysts at 

different temperature and major products formed were CO and CH4.  It can be observed that 

initial activity for all the catalysts was almost similar at lower temperature regime, but after 

increasing the temperature beyond 593 K the difference in activity was observed and finally 

at 673 K PdTS-5 catalyst showed the highest CO2 conversion of 31%. The difference in the 

selectivity of these catalysts at different temperatures was also observed. Initially at low 

temperature all the catalyst showed RWGS as the dominant reaction pathway making CO as 

the major product (see the equation).   

 

But with an increase in the temperature selectivity switched from CO to CH4 except for 

Pd/SBA-15 which showed CO as the major product throughout the temperature range. The 

difference in the catalytic activity of all the catalysts at 673 K can be seen in Figure 5A.8b. 

For Pd/SBA-15 catalyst the conversion was below 10% with a CO selectivity of 95% making 

RWGS as the dominant reaction. But the modification of Pd/SBA-15 with titanium resulted 

CO2 + H2                CO + H2O 
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in improved CO2 conversion with a selectivity switch from CO to CH4 hence turning the 

RWGS reaction to complete hydrogenation of CO2. As a control experiment Pd/TS-5 catalyst 

was also synthesised by supporting Pd after the synthesis of TS-5 and its activity was 

compared with PdTS-5.  

 

 

 

 

 

 

 

          

 

Figure 5A.9 CO2 hydrogenation activity of PdTS-5 and Pd/TS-5 catalysts. 

It can be seen from the plots that Pd/TS-5 catalyst showed less CO2 conversion as compared 

to PdTS-5 catalyst. At 673 K PdTS-5 catalyst showed 31% CO2 conversion while Pd/TS-5 

catalysts showed only 14% conversion. The selectivity was also different for this catalyst as 

compared to PdTS-5. This catalyst showed maximum 56% CH4 selectivity while PdTS-5 

catalyst showed 78% CH4 selectivity. The CO2 activity results of these catalysts showed that 

synthesis procedure affected the CO2 conversion and selectivity. PdTS-5 catalyst where Ti 

was incorporated to Pd/SBA-15 catalyst the chances of intimate interaction of Pd-Ti were 

more as compared to supporting Pd after the synthesis of TS-5 support. 

  PdTS-5 outperformed all the catalysts with maximum CO2 conversion (31%) and CH4 

selectivity of 78% followed by PdTS-10 with a conversion of 28% and CH4 selectivity of 

65%. It is noteworthy that increasing the Si/Ti ratio to 1 resulted in decrease in CO2 

conversion to 23% as well as selectivity for CH4 to 60%. Interestingly the Pd/TiO2 catalyst 

showed conversion similar to Pd/SBA-15 catalyst but an improved CH4 selectivity of 30%, 

though it was lower as compared to PdTS-x catalysts. The comparative selectivity for CO and 

CH4 over these catalysts w.r.t temperature can be seen in Figure 5A.10. 
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     Figure 5A.10 Comparison of CO and CH4 selectivity of different catalysts w.r.t. temperature. 

The improved CO2 conversion on reduced Pd/SBA-15 catalyst after titanium modification 

can be attributed to the generation of oxygen vacancies in the support as shown by Ti 2p XPS 

plots in Figure 5A.5. Pd/TiO2 catalyst showed very less conversion similar to Pd/SBA-15 

catalyst and can be correlated to the absence of oxygen vacancies in both the supports. The 

oxygen vacancies play important role in catalysis. These are electronically rich sites where an 

electron deficient reactant molecule can get adsorbed and activated by transfer of electrons to 

the antibonding orbitals of the reactant molecule. CO2 being a Lewis acid can easily interact 

with these sites and gets activated. After the activation CO2 can participate in hydrogenation 

to form different products via following route:   
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Scheme 5A.1 Possible reaction pathway of CO2 hydrogenation to CO and CH4 via RWGS. (*X) 

indicates adsorbed species.  

Depending upon the strength of binding of CO on the catalyst it can desorb or take part in 

further hydrogenation. The former case results in the formation of CO and H2O while in the 

later case it can form CH4 as the major product.
16

 It is well known that stability of 

intermediates highly depends upon the nature of active sites. The high binding strength 

provided by the active sites to a formed intermediate will decide the selectivity for particular 

product. In the case of Pd/SBA-15 the Pd-Si interface is not strong enough so as to strongly 

adsorb the formed CO which could undergo further hydrogenation.  Therefore the formed CO 

desorbs in the form of product. However in the case of PdTS-x catalyst the intimate synergy 

of Pd-Ti can strengthen the binding of intermediate CO species which can further react with 

hydrogen atoms present on Pd to form CH4 as the major product.  It can be argued why 

Pd/TiO2 catalyst where stronger chance of Pd-Ti interface are present do not show similar 

activity and selectivity as those of PdTS-x catalysts. The Pd particle size effect cannot be 

possible reason as the Pd NPs size in the range of 6-8 nm in all the catalyst except Pd/SBA-

15 where size is comparatively smaller. Low conversion of this catalyst as compared to 

PdTS-x catalyst can be attributed to the negligible oxygen vacancy generation. But the 

selectivity difference can only be explained on the Pd-Ti interface. It is obvious that interface 

formed by metal NPs with nano support will always be stronger and have different properties 

than that of bulk support. Also the no. of active sites also increases. In the case of PdTS-x 

catalysts the dispersion of Ti in SBA-15 in octahedral or tetrahedral Ti in close proximity to 

Pd could form much stronger interface due to enhanced charge transfer between metal and 

support in either of the way. These sites provided much stronger binding to intermediate CO 

as compared to Pd/TiO2 hence resulted in selectivity switch from CO to CH4. This kind of 

change in the selectivity has been observed on Pt based heterogeneous catalyst where Pt/TiO2 

catalyst showed selectivity for CO while Pt/ZrO2 or CeO2 showed selectivity towards CH4. 

Different metal-oxide interface provided by the different supports promoted the heterogeneity 

of the active sites which resulted in difference in the selectivity in these catalysts.  

Further the stability of PdTS-5 catalyst was evaluated by screening the catalyst on time on 

stream reaction at 673 K for 24 h. The catalyst showed consistent CO2 conversion while 

maintaining the stable selectivity for both the products (Figure 5A.11). 
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Figure 5A.11 Time on stream reaction of PdTS-5 catalyst at 673 K 

It is clear from the figure that the methane and CO selectivity did not change throughout the 

time with a steady CO2 conversion. This shows that the integral properties of the catalyst 

remained intact throughout the reaction. TEM images of the spent PdTS-5 catalyst after 24 h 

reaction showed no signs of sintering which can be attributed to the encapsulation of Pd NPs 

inside the mesoporous channels of SBA-15 (Figure 5A.12). 

 

 

 

 

 

 

 

Figure 5A.12 TEM images of spent PdTS-5 catalyst after 24 h time on stream at 673 K. 

 

Comparison of XPS spectra of spent PdTS-5 catalyst with Pd/SBA-15 and Pd/TiO2 is shown 

in Figure 5A.13. The Ti 2p spectra of catalysts showed that PdTS-5 catalyst still carried 

oxygen vacancies which were possible since the reaction conditions were overall reducing. 
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But Pd/TiO2 catalyst similar to fresh reduced catalyst did not showed any oxygen vacancy 

generation which points to the fact that the TiO2 structure was stable under the reactant flow 

and temperature conditions.  

 

Figure 5A.13 (a) Ti 2p (b) Pd 3d XP spectra of spent PdTS-5 catalyst compared with Pd/SBA-15 and 

Pd/TiO2. 

Pd 3d spectra of the spent catalysts represent that PdTS-5 catalyst showed only two peaks at 

335.3 and 336.8 eV which correspond to metallic Pd and Pd
2+

. But for Pd/TiO2 and Pd/SBA-

15 catalysts a peak at higher binding energy, 338 eV also emerged along with other two 

peaks. The peak at higher binding energy corresponds to high valent Pd
x+

 species as already 

explained in Chapter 3. The higher oxidation of Pd NPs in Pd/SBA-15 and Pd/TiO2 catalysts 

in the reaction conditions could be attributed to the weak interaction of Pd with support while 

in PdTS-5 catalyst strong Pd-Ti interaction maintained Pd in metallic state. The preservation 

of metallic nature of Pd NPs in PdTS-5 catalyst under reaction condition resulted in strong 

adsorption of intermediate CO species on these sites which further interacted with nearby H 

to selectively form CH4. This behaviour of PdTS-5 catalyst under reaction condition enforces 

the critical role of metal support interaction in CO2 hydrogenation by effectively tuning the 

properties of active sites which in turn resulted in improved CO2 conversion and change in 

selectivity from CO to CH4.  
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The CO2 hydrogenation on Ti modified Pd/SBA-15 catalyst in the present chapter showed 

that by tailoring the interfacial properties of heterogeneous catalysts the conversion and 

product selectivity can be easily tuned. The electronic perturbations generated at the interface 

due to metal support interaction can modify the properties on both support as well as metal 

NPs and facilitates the catalytic reaction. 
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Part 5B. Nitrobenzene reduction to N-ethyl aniline over Pd/meso-SiO2 catalyst.  

5B.1 Introduction 

The chemistry of C-N bond formation has always been one of the most important research 

fields because the resulting organic compounds such as amines, amides and their derivatives 

play central role in organic synthesis.
36,37

 The rich history of N-containing organic molecules 

comprising of various nitrogen derivatives as the typical building blocks in the construction 

of life, such as amino acids, nucleotides has impulsed the pharmaceuticals and agrochemical 

industries to develop various N-containing compounds.
38

 Moreover N-containing compounds 

are important in other aspects of chemical industries such as synthesis of dyes, surfactants, 

detergents, emulsions, vulcanizing agents and additives in petroleum industries.
39,40

  Amines 

are the main and most important nitrogen containing organic compounds, and hence a 

plethora of different methods have been developed for their synthesis which include reductive 

alkylation processes, electrophilic alkylation and amination of aryl halides.
41-43 

Among 

derivatives of amines N-alkyl/aryl amines are important because of their use in 

pharmaceuticals, dye synthesis and pesticides. Common methods of synthesis of N-alkyl/aryl 

amines are N-alkylation of anilines with aryl halides which is a direct nucleophilic 

substitution of alkyl/aryl halides and requires large excess of reagents, high polar solvents 

with high temperature or activated aryl halides.
43

 Another methods of alkylation of amines 

are Buchwald-Hartwig and Ulmann type C-N cross coupling reactions.
44-46 

 But these 

methods also require alkyl halides as the alkylating source which are costly and produce huge 

amount of waste. Alkylation of amines with environment friendly alkylation source is 

fascinating and alcohols or carbonyl compounds are suitable candidate for this. The 

alkylation of amines with alcohols or carbonyl compounds with loss of water molecule is a 

thermodynamic favourable process where loss of C-O bond for the formation of C-N bond is 

compensated by formation of O-H bond in the form of water. The homogeneous route for the 

synthesis of alkylated amines may happen with or without catalyst. In the absence of catalyst, 

high temperature or pressure and large amount of reagents are required.
47

 Use of ruthenium 

as the homogeneous catalyst is mostly explored where many Ru based organometallic 

complexes have been used for this purpose.
40,48,49

 However the main drawback of these 

homogeneous complexes is non-reusability of these precious metal based catalysts. 

Heterogeneous N-alkylation is interesting in this regard though the conversion and selectivity 

may be less than homogeneous catalyst which can however be compensated by recyclability 
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and reuse of the catalyst. Various Ni, Cu, Pt, Pd based catalyst have been reported for 

alkylation of amines with alcohols or carbonyl compounds.
40,50-53 

However Ni and Cu based 

catalyst require very high temperature for the coupling of alcohols and amines. Though 

coupling of amines with alcohols/carbonyl compounds is appealing, direct one pot reductive 

alkylation of nitro compounds with alcohols/carbonyl compounds to produce 2
o
 or 3

o
 amines 

is much better and economical since the extra efforts of reduction of nitro compound can be 

prevented. Certain heterogeneous catalysts have been used for alkylation of nitrobenzene to 

alkylated anilines. Most of the reports are based on coupling of nitrobenzene with aldehydes 

or aryl alcohols at high temperature.
54-56 

Nitroarenes are inexpensive and readily available 

organic compounds and their reduction is one of the key process in the preparation of many 

pharmaceutical important compounds.
57

 Though numerous procedures have been established 

for the reduction of nitrobenzene, development of methods which operate under mild 

conditions is still challenging.
58,59 

As for the synthesis of secondary amines direct use of 

readily available and inexpensive nitroarenes and alcohols is quite attractive especially if a 

single heterogeneous catalyst is employed. In this regard alcohol can play two major roles: (i) 

hydrogen source for reduction of nitroarenes and (ii) alkylating source for further alkylation 

of amine formed though an excess amount of alcohol has to be used. However easy 

operational conditions for this multi transformation using single heterogeneous catalyst is 

practically limited for a concise synthesis of N-alkyl amines. There are scarce reports which 

deal with the direct amination of nitroarenes with alcohols.
55,60,61 

In these reports usually 

borrowing H-transfer is operational where at high temperature alcohol is dehydrogenated to 

carbonyl compounds releasing H for the reduction of nitroarenes which after transformation 

to amines couple to carbonyl compound and form N-substituted aniline. Aromatic alcohols 

are the best candidate for this method due to their ease of releasing H and subsequently 

converting to carbonyl compounds. Aliphatic alcohols are however difficult to dehydrogenate 

hence limit their use as alkylating source for this purpose.  

In this part of this chapter we have utilized the Pd/SiO2 catalyst for direct one pot reductive 

alkylation of nitrobenzene to N-alkyl aniline using ethanol as the alkylating source and as 

solvent at mild reaction conditions. The Pd catalyst has been synthesised by the same 

modified DP method as employed in chapter 3. Different silica supports with variable surface 

area and pore size such as SBA-15, MCM-41 and KIT-6 have been used for supporting Pd 

NPs and their effect on the conversion and selectivity have been studied.  
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5B.2 Experimental Methods    

5B.2.1 Synthesis of Pd/mesoSiO2: The synthesis procedure was similar to as discussed in 

chapter 3 and part 5A of this chapter. Three different catalysts have been synthesized using 

three different silica supports with a Pd weight loading of 3 wt% and denoted as Pd-SBA-N-

3, Pd-MCM-N-3 and Pd-KIT-N-3 using SBA-15, MCM-41 and KIT-6 respectively as the 

support. 

5B.2.2 Nitrobenzene alkylation: Nitrobenzene alkylation was carried out in a two necked 

flask using Pd/mesoSiO2 catalyst, 0.5 mmol of nitrobenzene and ethanol (EtOH) as the 

solvent as well as alkylation source. H2 in the balloon at atmospheric pressure was used as the 

reduction source of nitrobenzene. The conversion and product selectivity were identified by 

GC equipped with FID and HP-plot capillary column. Product identification was done by 

GC-MS analysis.  

5B.3 Results and discussions  

5B.3.1 DRUV Analysis 

DRUV analysis of all the Pd/meso-SiO2 calcined catalysts showed broad bands between 250-

280 nm and 400-500 nm because of charge transfer between Pd
2+

 and O
2-

 ions as observed in 

Figure 5A.1.
26

 After reducing the catalyst in H2 flow at 400 
o
C these bands vanished because 

metallic Pd is SPR inactive and does not show any peak in UV-visible region (Figure 5B.1).  

 

 

 

 

 

 

  

    

 

Figure 5B.1 DRUV spectra of different Pd/meso-SiO2 catalysts after calcination and reduction. 
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5B.3.2 X-ray Diffraction Analysis 

The small angle XRD analysis of these catalysts after calcination showed typical features of 

mesoporous materials (Figure 5B.2a). Pristine SBA-15 exhibited three peaks at  2θ values 

0.9
o
, 1.6

o
 and 1.9

o
 which corresponds to (100), (110) and (200) planes of hexagonal well 

defined long range pore distribution of SBA-15 with p6mm space group.
27

 

 

  

 

 

 

 

 

 

 

                    Figure 5B.2 (a) small angle (b) wide angle XRD of Pd/meso-SiO2 catalysts. 

After Pd loading the intensity of these peaks decreased which indicates occupation of 

mesopores by Pd NPs, however the mesoporous nature of SBA-15 was still preserved. 

Pristine KIT-6 also showed well defined mesoporous structure by exhibiting the typical 

reflections at 0.97
o
, 1.10

o
 and 1.90

o
 for (211), (220) and (332) planes of a cubic 3D structure 

with Ia3d symmetry respectively.
62

 Similar to Pd-SBA-15 catalyst, Pd-KIT-6 catalyst also 

showed decreased intensity of these reflections which was attributed to the deposition of Pd 

NPs in the mesoporous channels though the inherent mesoporosity of KIT-6 was intact.  

The wide angle XRD analysis in Figure 5B.2b showed peaks at 23
o
 corresponding to 

amorphous silica. No reflections from PdO at 33.8
o
 for calcined and metallic Pd at 40

o
 for 

reduced catalysts were observed which indicated the presence of well distributed Pd NPs of 

very small size inside the mesopores of silica. Thus XRD analysis confirms that Pd NPs 

supported on various mesoporous silica by modified DP method were very small sized and 

occupied the pores of silica while maintaining the inherent mesoporosity.  
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5B.3 Scanning Electron Microscopy and Energy Dispersive X-ray Analysis 

The SEM-EDAX analysis of these samples has been shown in Figure 5B.3. The EDAX 

analysis showed that weight of Pd was almost similar to theoretical loading (3 wt%) which 

shows that no precursor was lost during the synthesis of these catalysts by modified DP 

method. 

 

 

 

 

 

 

 

 

 

 

Figure 5B.3 SEM images of (a) Pd-SBA-N-3 (b) Pd-MCM-N-3 (c) Pd-KIT-N-3. The table in the 

figure shows EDAX results of these catalysts.  

5B.4 Transmission Electron Microscopy 

The TEM analysis of these catalysts showed the well ordered mesoporous structure of 

pristine silica (Figure 5B.4 (a, c, e)). The size of Pd NPs in all the catalysts was in the range 

of 2-3 nm and most of the particles occupied pores of the silica employed.  
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Figure 5B.4 (a) SBA-15 (b) Pd-SBA-N-3 (c) KIT-6 (d) Pd-KIT-N-3 (e) MCM-41 (f) Pd-MCM-41 

The TEM images clearly showed that modified DP method can be applied for supporting Pd 

on different silica with different pore size with Pd NPs size 2-3 nm. Since the silica employed 

were mesoporous it was mandatory to evaluate the textural properties of silica before and 

after Pd loading which has been discussed in the next section.  

5B.5 N2 Porosimetry Analysis 

The textural properties of the catalysts were evaluated by N2 adsorption-desorption analysis. 

All catalysts showed hysteresis of type-IV isotherm which originated due to filling of 

mesopores.  

 

 

 

 

 

 

             

         

Figure 5B.5 N2 adsorption-desorption isotherm of pristine silica and Pd supported silica. 
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The comparison of BET surface area and BJH pore size distribution can be seen in Table 

5B.1. Among all the catalysts SBA-15 showed maximum surface area and largest pore 

diameter followed by KIT-6 and MCM-41. But after supporting Pd NPs both surface area as 

well as pore diameter decreased.  

               

Table 5B.1 Textural properties of Pd/meso-SiO2 catalysts compared with pristine silica 

It was observed that all the catalyst showed decrease in surface area, pore diameter and pore 

volume after Pd loading. In contrast, for Pd-KIT-N-3 catalyst this decrease was drastic and 

surface area sharply decreased from 771 to 151 m
2
/g. However the pore size showed 

increased from 3.1 to 3.7 nm. This increase could be because of destruction of pores due to 

Pd loading and some larger sized pores were created. Similar was the case for MCM-41 also. 

Overall textural properties showed that after Pd loading Pd-SBA-N-3 showed maximum 

surface area as well as pore diameter among all the Pd supported catalysts.  

5B.6 X-ray Photoelectron Spectroscopy  

The electronic property of Pd in the three catalysts was examined by XPS analysis. Since the 

final catalyst for the catalysis was reduced catalyst, XPS analysis was also carried out on 

reduced catalyst, Figure 5B.6. Reduction was performed at 400 
o
C in H2 flow for 3 h. All the 

catalysts showed at 335 and 336.8 eV representing metallic Pd and Pd in +2 oxidation states 

respectively. 
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Pd/meso SiO2 

(1.4mol%) 

 

H2 balloon, C2H5OH,              

50
o
C 

  

Figure 5B.6 (a) Comparison of XPS spectra of Pd/meso-SiO2 catalysts after reduction (b) percentage 

of different Pd species present in different catalysts. 

However unlike Pd-SBA-N-3 other two catalysts i.e. Pd-MCM-N-3 and Pd-KIT-N-3 showed 

one extra peak at 338.2 eV which originated due to high valent PdOx species where oxidation 

state of Pd was more than 2 and designated as Pd
x+

 which could be attributed to oxide 

resulting from under-coordinated Pd atoms as observed in Chapter 3 also. 

 5B.7 Catalytic Screening for reductive alkylation of Nitrobenzene 

The synthesized Pd/meso-SiO2 catalysts were tested for one pot reductive mono alkylation of 

nitrobenzene to N-ethyl aniline in the presence of H2 in balloon pressure.  

 

 

 

 

                            

                            

                     

                     1  (0.5mmol)                                                2                                  3              

 

 

Scheme 3B.1 Nitrobenzene reduction over Pd/meso-SiO2 catalyst. 

(a) (b) 
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First the reaction was optimized by varying different parameters as can be seen in Table 5B.2 

S.No. Catalyst 
Temp 

(
o
C) 

Time 

(h) 
% Conversion 

Selectivity % 

2 : 3 

1. 

2. 

 

3. 

4. 

5. 

6.* 

7. 

Pd-SBA-N-3 red 

Pd-SBA-N-3 red 

 

Pd-SBA-N-3 cal 

Pd-SBA-N-3 red 

SBA-15 

Pd-SBA-N-3 red 

Blank 

RT 

50 

 

50 

70 

50 

50 

50 

4 

4 

10 

4 

4 

4 

4 

4 

100 

100 

100 

100 

100 

- 

- 

- 

71 : 29 

50 : 50 

50 : 50 

89 : 11 

56 : 44 

- 

- 

- 

* Reaction without H2. 

                        Table 5B.2 Optimization of parameters for reduction of nitrobenzene. 

It can be seen from the table that Pd-SBA-N catalyst after reduction showed the best activity 

at 50 
o
C with equal selectivity for 2 and 3. Increasing the temperature beyond 50 

o
C the 

conversion remained same but selectivity decreased. Therefore we optimized temperature as 

50 
o
C. Full conversion was obtained after 4 h and further increase in the time did not affect 

the selectivity. Hence the reaction was performed for 4 h.  

 

Figure 5B.7 (a) Conversion and (b) selectivity of nitrobenzene to N-ethyl aniline over Pd-SBA-N-3 

red catalyst. 
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After optimizing the reaction conditions different Pd/meso-SiO2 catalysts were screened for 

the reaction. All the three catalysts were tested after reduction at 400 
o
C in H2. It was 

observed that all the catalysts showed 100% conversion after 4 h but the selectivity varied for 

different silica used. Among all the catalysts Pd-SBA-N-3 catalyst showed maximum 

selectivity for N-ethyl aniline (50%) followed by Pd-MCM-N-3 (34%) and minimum for Pd-

KIT-N-3 (27%). The comparison of their selectivity is represented in Figure 5B.8. 

  

 

 

 

 

 

 

                 

              Figure 5B.8 Selectivity for N-ethyl aniline over different Pd/meso-SiO2 catalysts 

The difference in the textural properties of the catalysts can be one reason for change in 

selectivity. Pd-SBA-N-3 catalysts showed highest surface area and largest pore diameter. 

This pore diameter may allow the diffusion of N-ethyl aniline (since it is bulkier than aniline) 

with more feasibility than the other silica supports where pore diameter was comparatively 

very small. Another probable and more reliable reason can be explained on the basis of XPS 

as shown in Figure 5B.6. Pd-SBA-N-3 catalyst consisted of maximum percentage of metallic 

Pd (78%) followed by Pd-MCM-N-3 (67%) and Pd-KIT-N-3 (55%).  

Metallic Pd is the prerequisite condition for getting N-ethyl aniline. This is because formation 

of N-ethyl aniline from nitrobenzene in the presence of H2 and EtOH happens by first 

conversion of ethanol to acetaldehyde which then acts as the source of alkylation for the 

aniline produced from nitrobenzene in the presence of H2. Formation of acetaldehyde was 

confirmed from GC in the starting of the reaction. It has been reported by Isobe et al that 

Pd/C could convert ethyl (4-methoxy3-nitrophenyl) to corresponding amine. This amine after 

prolonged reaction of 48 h showed 40% selectivity for 2
o
 amine.

64
 The formation of 

aldehydes/ketone from alcohol in the hydrogenation conditions i.e. in the presence of H2 gas 

at reflux conditions has been proposed by Sajiki et al.
64,65
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Scheme 5B.2 Formation of acetaldehyde from ethanol in the presence of H2 over 10% Pd/C catalysts 

and corresponding alkylation.
64

 

It has been shown in the scheme that Pd inserts into the O-H bond of ethanol via oxidative 

addition which through hydride elimination forms acetaldehyde. This acetaldehyde can 

further react with 2 moles of ethanol to form acetal. However, depending upon the acidity of 

support the equilibrium between acetaldehyde and acetal can shift on either side. Acidic 

support shifts equilibrium to acetaldehyde. Silica is also slightly acidic support which makes 

it possible to form acetaldehyde. This acetaldehyde further reacts with aniline to form imine 

which is further hydrogenated to alkyl aniline.  It has to be noted that acetaldehyde forms in a 

very small quantity which can revert back to ethanol since the reaction proceeds in 

equilibrium conditions. For the successful oxidative addition of Pd to ethanol Pd should be 

present in metallic form. As from XPS it was observed that Pd-SBA-N-3 catalyst possessed 

the maximum amount of metallic Pd thus this catalyst showed maximum selectivity for 

alkylation. Thus it can be inferred that metallic Pd is prerequisite for synthesis of 

acetaldehyde from ethanol as oxidative addition of Pd to ethanol is the starting step for 

acetaldehyde formation. Since Pd-SBA-N-3 showed maximum showed best activity among 

all the catalysts, it was chosen for studying effect of other parameters on catalytic activity.  

5B.7.1 Effect of Pd particle size 

First attempt in this regard was to test the effect the size of Pd NPs on the catalytic activity. 

Three different sizes were selected for this purpose: 2-3, 6 and 10 nm Pd NPs on SBA-15. 6 

nm Pd particles were obtained by calcination of Pd-SBA-N-3 catalyst at 600 
o
C while 10 nm 

particles were obtained by synthesising Pd/SBA-15 catalyst by wet impregnation. The 

reaction conditions were same for all these catalysts. Interestingly, all these catalysts showed 

100% nitrobenzene conversion but the selectivity changed effectively. The plot of selectivity 

for different catalysts can be seen in Figure 5B.9. 
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Figure 5B.9 Effect of Pd particle size on the selectivity of N-ethyl aniline. 

It can be seen that as the size increased selectivity towards n-ethyl aniline decreased and 10 

nm sized Pd NPs showed minimum selectivity (10%) for N-ethyl aniline. The effect of Pd 

NPs size on selectivity can be explained by the reaction mechanism. Reductive alkylation 

occurred in two steps: 

1. Formation of acetaldehyde from ethanol 

2. Condensation of acetaldehyde with aniline to form N-ethyl aniline.  

Since conversion was 100% for all the three sizes it was believed that reduction of 

nitrobenzene to aniline was not size dependent. Thus the above mentioned steps would have 

been affected by size. To solve this puzzle nitrobenzene was reacted with acetaldehyde itself 

under the same reaction conditions and results can be seen in Table 5B.3. 

 

Scheme 3B.3 Nitrobenzene reduction to N-ethyl aniline using acetaldehyde as alkylation source. 
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Particle Size % Conversion Time (h) % Selectivity 

3a : 4a 

2-3 nm 100 4 89 : 11 

6 nm 100 4 88 : 12 

10 nm 100 4 90 : 10 

            

Table 5B.3 Catalytic activity for different Pd/SBA-15 catalysts with different Pd size. 

It is clear that all the Pd/SBA-15 catalysts showed similar selectivity for N-ethyl aniline 

despite the different sizes of Pd NPs. This clearly indicates that among the above discussed 

steps the formation of acetaldehyde from ethanol is size dependent. If the coupling between 

aniline and acetaldehyde was size dependent different selectivity for the 3a and 4a would 

have been observed for different sized Pd NPs.  This experiment sorted out the ambiguity of 

size dependency of Pd NPs on the selectivity by confirming that acetaldehyde formation 

indeed is size dependent. This could be true because it has been reported that ethanol 

dehydrogenation to acetaldehyde is size dependent over Au NPs.
66

 It was observed in this 

report that Au NPs of small size showed more selectivity for dehydrogenation of ethanol to 

acetaldehyde because of presence of under coordinated sites on smaller particles. These sites 

can provide specific sites for the activation of ethanol which were absent in the larger 

particles. Thus by changing the size of Pd NPs from 2-3 nm to 10 nm selectivity was changed 

for N-ethyl aniline.  

5B.7.2 Effect of Pd weight loading  

After exploring the size dependency of Pd NPs on the selectivity, effect of Pd loading was 

also tested. So Pd loading in Pd-SBA-N catalyst was increased from 1 to 10 wt% and the 

catalysts were labelled as Pd-SBA-N-1, Pd-SBA-N-3, Pd-SBA-N-5 and Pd-SBA-N-10. The 

reaction conditions were similar to previous reactions. It was observed that all the catalysts 

showed 100% conversion after 4 h but selectivity for N-ethyl aniline changed and can be seen 

in Figure 5B.10. As the loading of Pd NPs increased from 1 wt% to 5 wt% the selectivity for 

N-ethyl aniline increased from 40% to 65% and further increase in the loading to 10 wt% 

decreased the selectivity to 30%, however the conversion remained unaffected. 
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Figure 5B.10 Effect of Pd loading on the selectivity for Pd-SBA-N catalysts. 

This behaviour can be explained as: for 1 w% catalysts i.e. Pd-SBA-N-1 the size of Pd NPs 

was small but amount of Pd was less which resulted in less quantity of active sites. Since 

these sites are responsible for acetaldehyde formation from ethanol the selectivity for N-ethyl 

aniline decreased due to less amount of acetaldehyde formation. Further increase in the 

loading increased the total quantity of Pd active sites and the size of the Pd was also 

maintained. This resulted in increase N-ethyl aniline selectivity. But further increase in the 

loading to 10% increased the Pd NPs size and as already discussed in previous section large 

Pd NPs do not show selectivity towards N-ethyl aniline, hence Pd-SNA-N-10 catalyst 

showed least selectivity towards N-ethyl aniline. The XRD of different Pd loading catalysts 

can be seen in figure below which showed that with an increase in Pd loading size of NPs 

increased being largest for Pd-SBA-N-10 catalyst.  

The increase in the Pd NPs size resulted in the low selectivity for N-ethyl aniline in Pd-SBA-

N-10 catalyst. Thus Pd-SBA-N-5 catalyst with optimum amount of small sized Pd NPs 

showed maximum selectivity for N-ethyl aniline.  
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              Figure 5B.11 XRD analysis of Pd-SBA-N catalyst with different Pd weight loading 

Further the effect of different hydrogen source was tested over Pd-SBA-N-3 catalyst and 

reaction was carried out in the presence of NaBH4 and NH3.BH3. It was observed that both 

these hydrogen sources formed only aniline as the product. There was no formation of N-

ethyl aniline at all while in the presence of H2 gas N-ethyl aniline was formed. This showed 

that molecular H2 was the effective source for alkylation of nitrobenzene in ethanol while the 

other hydrogen sources formed aniline as the sole product.  

     

 

                          

             

 

   

 

 

 

Table 5B.4 Effect of different H-source on the selectivity of N-ethyl aniline. 

 

Finally the heterogeneity of the catalyst was tested by hot filtration test where the catalyst 

was separated from the reaction mixture after 2 h and reaction was further carried out in the 

absence of the catalyst.  
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5B.12 Hot filtration test over Pd-SBA-N-3 catalyst.  

It can be seen from above figure that removing the catalyst after 2 h the conversion of the 

catalyst was 80% which increased only up to 84%. Timely injection after removal of the 

catalyst up to 7 h showed no further increase in the catalyst conversion and the selectivity for 

both the products also did not change. The hot filtration results proved that catalytic activity 

was solely due to heterogeneous character of the catalyst and there was no Pd leaching during 

the reaction.  

Thus small Pd NPs supported on different mesoporous silica could catalyze one pot reductive 

alkylation of nitrobenzene to N-ethyl aniline by using ethanol as the solvent and alkylation 

source.  

5.1 Conclusion 

The results from both the parts of this chapter i. e. 5A and 5B shows that Pd supported on 

SBA-15 synthesized via modified DP method will be a potential heterogeneous 

hydrogenation catalyst. The CO2 hydrogenation results in part 5A shows that Pd/SBA-15 

catalyst forms CO as the major hydrogenation product while modification of this catalyst 

with titanium (PdTS-x) results in selectivity switch from CO to CH4. Among all the PdTS-x 

catalysts PdTS-5 shows maximum conversion and selectivity. Pd/TiO2 catalyst shows similar 

conversion as that of Pd/SBA-15 but selectivity was slightly improved for CH4. However it is 

still lower as compared to PdTS-x catalysts. The improvement in the CO2 conversion and 

selectivity for CH4 in PdTS-x catalysts is attributed to the Pd-Ti interaction which changes 

the stability of the intermediate formed during the reaction. The generation of ample amount 

of oxygen vacancies in PdTS-x catalysts results in enhanced CO2 conversion. The selectivity 
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switch from Pd/SBA-15 to Pd/TiO2 to PdTS-x catalysts is attributed to the metal support 

interaction which can stabilize the intermediate CO which is further hydrogenated to CH4 in 

PdTS-x catalysts. Hence by effectively tuning the metal support interaction the conversion as 

well selectivity for CO2 hydrogenation could be tuned.  

In part 5B the hydrogenation of nitrobenzene under ambient conditions in the presence of 

molecular H2 over Pd/meso-SiO2 catalyst shows formation of N-ethyl aniline by using 

ethanol as a solvent as well as alkylation source. Among different silica employed, SBA-15 

proves to be best due to more selectivity towards N-ethyl aniline. Presence of larger pores as 

well as more metallic Pd is found to be responsible for N-ethyl aniline formation.   

Acetaldehyde formation from ethanol in hydrogenation conditions is observed which further 

reacts with aniline formed and results in the formation of alkylation product. Acetaldehyde 

formation was crucial and size dependent as smaller Pd particles shows more selectivity 

towards alkylation as compared to larger particles due to presence of more amount of under 

coordinated sites which acted as the active centres for acetaldehyde formation. Among 

different H- sources employed H2 gas was the most effective in the alkylation while other 

sources formed only aniline as the product.  

Finally it can be concluded that employing modified DP method Pd/SBA-15 catalyst very 

small sized Pd NPs supported on silica support can be synthesised which acts as an effective 

hydrogenation catalysts both for gas phase CO2 reduction as well as liquid phase reductive 

alkylation of nitrobenzene under ambient conditions. The activity results obtained in this 

chapter over Pd based catalysts shows the versatility of this catalyst and this property can be 

potentially used for various other hydrogenation reactions.   
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The architecture of catalyst material with important S
3
 qualities i.e. stability, sustainability 

and scalability is one of the prime focus in modern heterogeneous catalysis. Synthesis routes 

which are easy to apply in a short span of time without using expensive metal precursors 

fulfil the primary industrial requirements. The need of engineering an efficient heterogeneous 

catalyst with high availability of easily accessible active centres can be fulfilled by 

nanocatalysis. Most of the transition metals in periodic table have been engineered in 

nanoform for their use as heterogeneous catalysts. The present thesis work deals with 

synthesis of Au and Pd based heterogeneous catalysts via easy and inexpensive routes. 

Efforts have been devoted to synthesize 2-3 nm Au and Pd NPs encapsulated in mesoporous 

silica support for facile diffusion of reactants as well restricting the sintering of NPs under 

reaction conditions. To realize the potential catalytic applications of these nanocatalysts 

various industrially important gas and liquid phase oxidation and hydrogenation reactions 

have been chosen and a structure – activity correlation has been established by using various 

spectroscopic techniques. The major conclusions derived from the basic observations are 

summarized as: 

Chapter 1 of the thesis gives a general introduction to the importance of heterogeneous 

catalysis specifically nanocatalysis and its progress in the recent time. Quantum confinement 

of nanoparticles and its role in altering the physical and chemical properties which in turn 

changes the catalytic activity have been discussed in this chapter. Various well established 

synthesis protocols for the synthesis of supported NPs have been summarised. The 

applications of these nanocatalysts in various industrially important catalytic reactions and 

progress made till date have been portrayed with the help of literature reports. Furthermore 

various instruments and techniques used to carry out the present thesis work have been 

elaborated.  

Chapter 2 deals with the synthesis of gold based catalyst for oxidation reactions. The 

catalytic activity of gold is critically dependent on size as NPs of size 3-5 nm are considered 

to be catalytically active. Also the high surface energy of these NPs makes them sinter during 

the harsh synthesis and reaction conditions.  Hence efforts have been made in this chapter to 

synthesise 3-5 nm Au NPs encapsulated in silica shell. The inactive silica was further made 

active by modifying it with titanium thus forming Au@Ti-SiO2 nanocatalyst. A detailed 

microscopic analysis has been performed to find out the Au NPs size and its proximity with  
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titanium. It has been observed that an increase in titanium loading beyond certain limits 

results in segregation of titanium from silica framework as extra framework titania and size 

of Au NPs also increases. The spectroscopy analysis also supports the microscopic analysis 

as the features of amorphous phase segregated titania emerges with an increase in the 

titanium concentration. The CO oxidation results of the nanocatalysts shows improvement in 

the catalytic activity of Au-silica system after titanium loading and titanium modified 

catalysts showed 100% CO conversion at 80 
o
C. Oxygen vacancies created in the support 

played beneficial role in catalyzing oxidation of CO at low temperature. Further the treatment 

in N2 atmosphere results in tremendous increase in the catalytic activity with 100% CO 

oxidation at room temperature itself. The propene epoxidation performed on titanium 

modified Au-silica catalyst shows low conversion and selectivity to propene oxide (PO) and 

forms other undesired oxidation products. The presence of extra framework titanium in silica 

results in the low conversion and selectivity towards PO. Hence a comparison of catalytic 

activity of Au@Ti-SiO2 for CO oxidation and propene epoxidation shows that both the 

reactions require same catalyst but the active sites are different for these two reactions. The 

extra framework titanium present in Au@Ti-SiO2 catalyst adversely affects the propene 

epoxidation with low conversion and selectivity while the same species proves to be 

beneficial for CO oxidation reaction by carrying out reaction at low temperature.  

Chapter 3 provides a new strategy for the synthesis of noble metal NPs supported on 

inactive support like silica having a low point of zero charge (PZC). The synthesis of Au and 

Pd based nanocatalyst via an easy, effortless and scalable ligand exchange method is reported 

here. The method has been termed as modified deposition precipitation (DP) as the basic 

principle of method is similar to conventional DP method. Most of the active supports have 

PZC of 6 or more which makes it easy to deposit negatively charged metal precursor 

complexes on these supports. However silica having a PZC of 2-3 becomes negatively 

charged under high pH conditions which repels the negatively charged metal precursor in 

aqueous conditions. This results in negligible loading of metal, poor dispersion and increased 

particle size. Since silica possesses the properties of high surface area and thermal stability, it 

is one of the industrially important support materials. The problem of supporting noble metal 

NPs on silica supports has been circumvented in this chapter by insitu modifying the metal 

precursor by NH4Cl. The neutral ammine ligands generated under high pH conditions can 

replace the chloride ions and form an M-NH3 complex which is either neutral or positively 

charged. This complex can easily interact with the negatively charged silica surface and 
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results in successful deposition. SBA-15 has been used as the silica support in this chapter 

due to its high surface area and large pore size. In the first part of this chapter i.e. 3A, 

Au/SBA-15 catalyst with Au NPs of size 2-3 nm has been synthesised via modified DP 

method. The formation Au-NH3 complex under reaction conditions has been proved by using 

various spectroscopic techniques. The synthesised Au/SBA-15 catalyst has been screened for 

CO oxidation reaction and showed excellent activity and stability with 100% conversion at 

room temperature without undergoing any deactivation. The encapsulation of small Au NPs 

inside the mesoporous channels of SBA-15 proved to be beneficial for catalyst stability. In 

the second part of this chapter 3B, Pd NPs of size 1-2 nm have been supported on SBA-15 

support using same modified DP method and their catalytic activity has been compared with 

conventionally synthesised Pd/SBA-15 catalyst for CO oxidation. The catalyst synthesised 

via modified DP method outperforms other catalyst due to presence of very small sized Pd 

NPs. The size dependent generation of high valent PdOx species on coordinatively 

unsaturated Pd sites and generation of Oad resulted in low temperature CO oxidation activity 

of this catalyst. A comprehensive study has been done to derive the size and activity 

correlation of this catalyst via XPS analysis. 

Chapter 4 deals with the templated synthesis of mesoporous titanosilicates nanospheres for 

the epoxidation of various light and bulky olefins using H2O2 as the green oxidant. Unique 

role of triethanol amine in maintaining the shape as well tetrahedral coordination of titanium 

has been provided in this chapter. The liquid phase olefin oxidation results over this catalyst 

shows the potential of this catalyst for oxidizing olefins to their respective epoxides with high 

selectivity which is attributed to the mesoporous nature of these nanospheres which prevents 

the diffusion limitations of the reactant molecules. Au NPs supported nanospheres have been 

tested for propene epoxidation in gas phase using molecular O2 and H2. The role of Au NPs 

here is to insitu generate H2O2 which is transferred to titanium in close proximity where 

propene resides to oxidize to propene oxide. The selectivity of this catalyst to PO has been 

improved as compared to Au@Ti-SiO2 catalyst (80% vs 53%) as discussed in chapter 2. 

Presence of small sized Au NPs in the close proximity of tetrahedral titanium can be 

attributed to improved activity of this catalyst. However the catalyst still requires 

modification to reach the level of efficient Au based catalyst as reported in literature. 

Chapter 5 shows the versatility of Pd/SBA-15 catalyst for gas phase CO2 hydrogenation 

and liquid phase reductive alkylation of nitrobenzene to N-ethyl aniline. Pd/SBA-15 catalyst 
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has been synthesized via modified DP method. Part 5A of this chapter deals with CO2 

hydrogenation over Pd/SBA-15 and titanium modified Pd/SBA-15 catalyst and reveals how 

the metal support interaction can switch the selectivity for different products. Pd/SBA-15 

catalyst shows CO as the sole product during CO2 hydrogenation while its modification with 

titanium results in change in the selectivity to CH4. The Pd-Ti interaction and generation of 

oxygen vacancies in Pd-Ti-SBA-15 catalyst are the reasons for observed selectivity switch as 

well as improved CO2 conversion. Comparison of this catalyst with Pd/TiO2 shows no strong 

Pd-Ti interaction in Pd/TiO2 which has been reflected for low CO2 conversion and selectivity 

for CO. CO2 hydrogenation results observed in this part shows that by tuning the metal 

support interaction the activity and selectivity for particular product can be tuned. In the 

second part of this chapter i.e. 5B different Pd/SiO2 catalysts have been synthesised by same 

method using three different mesoporous silica supports: SBA-15, KIT-6 and MCM-41. The 

catalytic activity of these catalysts has been tested for direct reductive alkylation of 

nitrobenzene using ethanol as the solvent as well as alkylating source in the presence of H2 in 

balloon. The Pd/SBA-15 catalyst showed highest selectivity for N-ethyl aniline among all the 

silica. The selectivity for N-ethyl aniline has been found to be size dependent and smallest 

sized Pd NPs are more selective for alkylation. This size dependent selectivity has been 

attributed to the facile formation of acetaldehyde from ethanol due to presence of under 

coordinated sites on small Pd NPs which act as the active centres for acetaldehyde formation. 

Use of hydrogen gas is necessary for alkylation as the other H- sources like NaBH4 and 

NH3.BH3 resulted in aniline as the sole product. Thus Pd/SBA-15 catalyst showed its 

versatility as heterogeneous catalyst for oxidation (chapter 3B) as well as hydrogenation 

reactions. 

Finally it can be summarized that present thesis work has developed synthesis strategies 

which overcomes some of the major challenges in noble metal (Au and Pd) supported catalyst 

synthesis (like prevention of sintering, dispersion, loading etc) which are easy, scalable and 

more importantly with good catalyst performance. One of the major highlight is that these 

synthesis protocols can be extended for supporting other noble as well as non noble metals 

on low PZC silica support thereby the hardships of synthesizing small sized supported metal 

NPs for a variety of catalytic reactions can be elegantly accomplished. The versatility of the 

synthesized Au and Pd catalysts is demonstrated for various industrially important oxidation 

and hydrogenation reactions. 
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UV and XRD analyses of ATS catalysts as discussed in Chapter 2 section 2.3.10.B.3 

 

 

 

 

 

 

 

 

 

 

Figure A.1 UV-visible spectra of ATS catalysts 

 

 

 

 

 

 

 

 

 

 

 

    

      Figure A.2 XRD analysis of ATS catalysts 
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As described in Chapter 3, the catalytic activity of AS 4 catalysts synthesised by modified DP 

method has been compared with Au/Silica based catalysts reported in literature. 

 

 

Table A.1 Comparison of CO oxidation activity of AS44 with reported Au/Silica catalysts 

Catalyst DAu(wt%) 
Synthesis 

method 

GHSV 

ml(g*h)
-1

 

TOF/s
-1 

(T
o
C: 

Conversion%) 

Reference 

 

AS-4 

 

2-3 nm 
(2.8) 

Modified DP 
 

1,50,000 

0.071 (30
o
C: 16%) 

Specific rate: 1.32 
molCO(gAu*h)

-1  
at 

30
o 
,
  
16% 

conversion 

 

This Work 

Au/SiO2 6 nm (7 ) CVD* 20,000 0.02 (0
o
C: 100%) 

Catal. Lett. 51, 
1998, 53 

Au/SBA-
15 

3 nm (9 ) 
Au(en)2Cl3 

 
44,400 0.45 (-20

 o
C:50%) 

J. Phy. Chem.B, 
2006,110 

Au/SBA-
15 

2-3 nm 

 

Using silanes 
(MPTMS)* 66,000 0.11 (80

 o
C: 28%) 

Phys. Chem. 
Chem. Phys., 
2009, 11, 593 

Au/SBA-

15 

4.5 nm(5 ) 

 

Silanes 

modification 
20,000 0.002 (90

o
C: 33%) 

Appl. Catal. A: 
Gen.2003, 254, 

289 – 296 

Au/SiO2 

 
2 nm (2 ) 

Silane 

modification 

 

- 

Specific rate: 0.48 
molCO(gAu*h)

-1  
at 

30
o 
,
  
75% 

conversion 

Angew. Chem. Int. 
Ed. 2006, 45, 3328 

–3331 

 

Au/SiO2 

 

3 nm(2.5) Au(en)2Cl3 44,400 
Specific rate: 0.60 

molCO(gAu*h)
-1  

at 0
o 

,
  
82% conversion 

Appl. Catal. A: 
Gen. 326, 2007, 

89–99 

Au/SBA-
15 

2.5 nm 
(2.5) 

Modification 
with ammonia 

 

- 

Specific rate: 0.014 
molCO(gAu*h)

-1  
at 

40
o 
,
  
82% 

conversion 

Appl. Catal. A: 
Gen. 347, 2008, 

216–222 

Au/SiO2 2-3 nm (6) PVD* 1,80,000 0.019  (25
o
C) 

J. Catal. 262, 
2009, 92–101 

Au/SBA-
15 

2-3 
nm(3.8) 

 

Au(en)2Cl3 

 
1,00,000 

0.098 (25
o
C: 

98%)Specific rate: 
1.15 molCO(gAu*h)

-1  

at 25
o 
,
  
98% 

conversion 

Catal.Commun. 
2018, 110, 14 
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Similarly, a comparison was made for Pd-S-N catalysts with other reported Pd based 

catalysts. 

 

 

Table A.2 CO activity comparison of Pd-S-N catalysts with reported Pd based catalysts. 

The results presented in the above tables strongly support the potential of modified DP 

method for synthesising highly active small metal NPs of Au and Pd on an inactive support 

like silica. 

 

 

 

S.No. Catalyst Temperature TOF s
-1 

(h
-1

) Reference 

1. 

2. 

Pd-S-N red 

Pd-S-N red 

80 
o
C 

90 
o
C 

0.023 (126) 

0.133 (480) 

This work 

This work 

 

3. 

 

 

Pd-SrTiO3 

 

80 
o
C 

100 
o
C 

120
o
C 

0.002 

0.008 

0.032 

 

ACS Catal. 2018, 8, 

4751-4760 

4. Pd/Fe3O4 RT 0.038 
Nano-Micro Lett. 

6(3), 233-241 (2014) 

5. Pd/graphene 100 
o
C 0.0048 

Applied Catalysis B: 

Environmental 125 

(2012) 189–196 

6. Pd@SiO2 130 
o
C 0.044 

RSC Adv., 2013, 3, 

851–858 

7. Pd-Zn/Al2O3 185 
o
C 0.075 and 0.11 

Phys. Chem. Chem. 

Phys., 2013, 15, 

7768—7776 

8. Pd/FeOx 27 
o
C 0.036 

Journal of Catalysis 

274 (2010) 1–10 

9. Pd/Al2O3 135 
o
C 0.025 

Journal of Catalysis 

274 (2010) 1–10 
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