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Abstract 

Mesoporous Silica Nanomaterials (MSNs) have been in the spotlight since their inception, owing 

to their unique properties. They have high accessible surface areas and easily tunable porosity. 

They are also thermally stable and are hence perfect candidates for a variety of applications. They 

are used in a diverse range of fields such as drug delivery, CO2 mitigation, and catalysis, amongst 

many others. In this thesis, we first synthesize MSNs with different morphologies via the sol-gel 

route and then demonstrate their decoration with nickel metal nanoparticles using a flame-driven 

High Temperature Reducing Jet (HTRJ) reactor. In a typical procedure, an aqueous precursor 

suspension containing nickel nitrate hexahydrate) and MSNs is injected into the throat of a 

converging-diverging nozzle. Hot combustion products of a fuel-rich hydrogen flame are 

accelerated through the nozzle, atomizing the precursor. The resultant droplets evaporate and the 

precursor molecules decompose, initiating nucleation ofsolid particles. The reducing environment 

in the reaction chamber converts nickel oxide to nickel, as it is reducible by hydrogen in the 

presence of water. To stop further growth of these particles, the post-reaction zone is quenched 

with nitrogen and the particles are collected on a filter membrane. 

Various analyses such as Transmission Electron Microscopy (TEM), specific surface area 

measurements (SBET) and X-Ray Diffraction (XRD) were carried out to determine the size, porosity 

and final structures. N2 adsorption/desorption measurements helped to ascertain the pore sizes and 

volumes. MSNs with varying morphologies and pore diameters varying from 2.0-2.9 nm were 

synthesized, and a maximum specific surface area of 1800m2/g was achieved. MSNs were 

successfully decorated with nickel, as shown by TEM imaging and Energy Dispersive X-ray 

Spectroscopy (EDS) analysis. By coupling wet chemistry and vapor phase techniques, as 
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demonstrated in this thesis, a variety of MS-supported metal catalysts could be designed and 

produced, including multicomponent mixtures and metal alloys. Such metal-decorated MSNs can 

potentially be employed as catalysts in the dry reforming of methane. 
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Chapter 1: Introduction 
1.1) History of Nanotechnology: 

The word "nano" stems from the Greek word for dwarf, "nanos". By itself, the word simply 

means "one billionth" and is used as a prefix to describe quantities of such small magnitudes. 

Nanoparticles are those particles with characteristic dimensions ranging from 1 nm to 100 nm. 

The modem history of these particles can be traced back to an 1857 paper by Michael Faraday, 

wherein he described the interaction of light with metallic nanoparticles . [2] 

The term "nanotechnology" first made an appearance in a 1974 paper by Norio Taniguchi to 

refer to a technology that produced objects with at least one of their dimensions in the nanometer 

range. However, there is no clear consensus on who should be regarded as the father of 

nanotechnology. The title is shared by Dr. Taniguchi with Dr. Feynman (whose predictions about 

the future of nanotechnology have been strikingly accurate) and K. Eric Drexler ( whose doctoral 

thesis about molecular nanotechnology has been cited around 600 times) . 

Over the past two decades or so, there has been a surge in research at the nanoscale owing to the 

interesting interfacial, optical, and electronic properties of these particles. Various methods to 

engineer them and further manipulate them have since been discovered, leading to these particles 

finding applications in a multitude of fields from catalysis to drug delivery. [3] 
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1.2) Vapor phase synthesis : 

Nanoparticle synthesis methods can be broadly classified into vapor phase and solution phase 

processes. In the vapor phase synthesis, conditions are created such that the vapor phase is 

thermodynamically unstable compared to the formation of nanoparticles. A sufficiently high 

degree of supersaturation acts as the driving force behind the nucleation of particles. Even small 

changes in reaction conditions can lead to different sizes, structures and levels of agglomeration 

in the product. Hence, extensive studies have been conducted on the different methods of 

synthesis. [ 4] 

A few of the most studied methods that fall into the category of vapor phase synthesis are: 

• Chemical Vapor Synthesis 

• Spray Pyrolysis 

• Laser Pyrolysis 

• Plasma Synthesis 

• Flame Synthesis 

Chemical Vapor Synthesis (CVS) essentially works on the same principle as Chemical Vapor 

Deposition (CVD), with the difference being that in the case of CVS, nucleation of particles is 

more favored than film deposition. There already exists a huge repository ofprecursor chemistries 

for CVD processes which can also be applied to CVS. However, the biggest advantage of this 

method is that it facilitates the formation of multi-component nanoparticles if multiple precursors 
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are used. Note that the precursor can be solid, liquid or gas but will ultimately be fed to the reactor 

in vapor form.[4] 

Laser pyrolysis basically makes use of an alternate route of heating to cause nucleation, using a 

laser source. This is advantageous in that it allows for localized heating ( only the gas or a part of 

it is heated) and rapid cooling. An infrared CO2 laser is most commonly used and its energy is 

absorbed by the precursor or a photosensitizer in order for nucleation to take place. This method 

has been used to engineer a wide range of materials such as SiC [ 5]and MoS2[6]. With the right 

modifications, smaller particle sizes can also be obtained. 

Also known as aerosol decomposition synthesis, spray pyrolysis can be considered to be an 

extension of chemical vapor synthesis, except in this case, the precursor is fed into the reactor in 

the form of tiny droplets. The reaction takes place in the droplets, accompanied by solvent 

evaporation. This method is relatively simple, quick and cost effective and has been employed to 

synthesize a large variety of nanomaterials with different morphologies such as ZnO nanorods. 

Particle formation can occur by evaporation followed by nucleation (gas-to-particle conversion) 

or by nucleation within the evaporating droplets ( droplet-to-particle conversion) which produce 

dramatically different final particle sizes and shapes. 

In plasma synthesis, the precursors are injected into a thermal plasma. This plasma has a high 

energy density which allows for fast flow rates and flexible choice of precursors. The precursor 

decomposes completely in the plasma into atoms, which further react to form nanoparticles, either 
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by condensation on contact with a cool gas or expansion through a nozzle. This method has been 

employed to produce nanoparticles for hard coatings, such as TiC and SiC.[7] 

Flame synthesis has been the most widely used route of nanoparticle synthesis and accounts for 

the majority of commercial nanomaterials produced annually, mainly in the form of carbon black, 

but also including Ti02, fumed silica, and other metal oxides. The reason behind the success of 

this method is partly because no external energy source is needed. The required heat is generated 

in situ and induces nucleation ofthe particles. This route is most commonly used to produce oxides, 

owing to the oxidizing nature of the flame. This method is broadly classified as Vapor-Fed Aerosol 

Flame Synthesis (V AFS) and Liquid-Fed Aerosol Flame Synthesis (LAFS), based on the physical 

state of the precursor.[8] The latter is more advantageous, as a wider range of precursors can be 

used, including non-volatile liquids. LAFS is further classified into Flame-Spray Pyrolysis (FSP) 

and Flame-Assisted Spray Pyrolysis (F ASP) depending on the precursor solution composition. 

FSP permits the use ofhigh-enthalpy content (combustible) precursors with low vapor pressure to 

serve as the fuel , and makes use of a small support flame. F ASP differs fundamentally from FSP 

in that inorganic precursors with low enthalpy content can be used, and the source of heat is an 

external flame, analogous to the hot walls of spray pyrolysis. [9] 

1.3) Solution Phase Synthesis : 

The syntheses of nanoparticles can also be done via wet chemistry techniques such as the sol-gel 

method and the solvothermal method, amongst others. This thesis will look into the sol-gel route 
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of synthesis. Also referred to as the chemical solution deposition method, this method is relatively 

simple to carry out.[10] 

The aerogels synthesized by Kistler in the 1930s were the first "sol-gel" products, even though 

they were not referred to as such. [ 11] Sodium silicate was used as the source of silica and the 

resultant gel was dried supercritically, which helped avoid shrinkage. Starting from the early 70s, 

the interest in sol-gel processes shot up, owing mainly to the work of Dislich.[12] The work 

focused on new routes of synthesis of multicomponent oxide glasses. The implication of the work 

was basically that gel powders derived from a homogenous solution could produce transparent 

glass lenses at unexpectedly low temperatures. This was followed up by a paper on the preparation 

ofTiO2-SiO2 amorphous materials by Sakka et. al. at the 10th International Congress on Glass. [12] 

Inorganic gels derived from the sol-gel process are usually porous, as opposed to organic gels. 

These gels are of three types, according to the method of processing: aerogels, processed by 

supercritical drying; mesoporous materials, synthesized with templates; and gels with hierarchical 

pore distributions, made by concurrent phase separation and gelling. 

Sol-gel synthesis starts off with the preparation of a colloidal suspension, known as the sol, in 

which the inorganic framework grows. This sol undergoes gelation to form a continuous liquid 

phase network. The removal of liquid from the sol leads to gel formation. This transition from sol 

to gel controls the size and morphology of the particles produced. This method is generally used 

to produce mesoporous materials of different morphologies, using different structure-directing 
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agents like surfactants or triblock copolymers. Depending on the template used, synthesis methods 

can be further classified into soft templating (use of a surfactant such as CTAB) and hard 

templating ( also known as nanocasting) synthesis methods, wherein a porous solid is used in place 

of the surfactant. 

1.4) Mesoporous Silica : 

There exists a class of materials that are described as "porous" due to the presence of ordered or 

disordered pores within a framework. Based on the diameters of these pores, these materials can 

be classified as microporous (<2 nm), mesoporous (2-50 nm) and macroporous (>50 nm), 

according to IUPAC.[13] 

This section will delve into mesoporous materials, with a special focus on Mesoporous Silica 

Nanoparticles (MSNs). They were first discovered in 1990 by Japanese researchers but were only 

synthesized in 1992 at Mobil Corporation Laboratories and hence named MCM-41 (Mobil 

Composition of Matter). These particles were initially meant to be used as molecular sieves but 

owing to their cylindrical pores with a tunable diameter and a large specific surface area of 700-

1500 m2/g, they found various other uses . Apart from this, their ease of functionalization coupled 

with their thermal and chemical stability made them ideal candidates as supports for various 

applications. [ 1 0] 

These materials were first seen in the electron micrographs of the products of the hydrothermal 
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reaction between aluminosilicate gels and ternary ammonium surfactants. Microscopy results and 

diffraction patterns of the samples were found to be similar to those yielded by lyotrophic liquid

crystal phases in water-surfactant mixtures. Researchers also observed that the pore diameter could 

be controlled by the alkyl chain length of the surfactant and by introducing organic species into 

the synthesis mixture. These results were consistent with the results observed for other liquid 

crystals. Hence, researchers proposed that these MSNs are formed by a liquid-crystal templating 

mechanism. The presence of silicate ions led to the formation of cylindrical micelles. The silicate 

species then occupied the spaces between these cylinders. On further thermal processing, the 

remaining organic material decomposed, leaving behind hollow cylinders of inorganic 

material.[14] This proposed mechanism was further reinforced when another such material was 

discovered and analyzed. MCM-48, with a cubic symmetry, that was also analogous to a liquid 

crystal as shown by diffraction patterns. 

After these discoveries, efforts were made to achieve more control over the porosity and 

morphology of these materials. Based on the methods of synthesis and final morphologies, many 

different classes of these materials were synthesized, as summarized in Table 1 below. 

Structure Nomenclature Place of Discovery 

Mobile Composition of Mobil Corporation 

Matter -41 (MCM-41) Laboratories, USA 
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Santa Barbara Amorphous - UC Santa Barbara, USA 

16 (SBA-16) 

FDU-12 Fudan University, China 

Korean Institute of Korean Institute of 

Technology-5 (KIT 5) Technology, Korea 

Table 1: Morphologies of various MSNs synthesized over the years {15,16} 

Once these MSNs were discovered and their properties were characterized, the control of their 

properties was the next step. Kresge, et al. observed that their thermal stability was dependent on 

wall thickness of the material and the starting material used for the synthesis. Hydrothermal 

stability, on the other hand, was affected by the extent of polymerization of the silica. It was also 

found that the number of surface silanol groups affects the structural stability of these materials. 

[14] 

Many new techniques, such as the addition of auxiliary organic compounds and salts to the 

synthesis mixture, inorganic decoration, and surface modification of the silanol groups, were 
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investigated to improve the overall hydrothermal and structural stability of MSNs.[13] 

Now, with this knowledge in hand, the next step was towards the utilization of these MSNs for 

catalytic purposes. MSNs, by themselves, are not employed as catalysts, but their high surface 

area, providing a large number of active sites per m2 of the material, and comparatively large pore 

sizes, which facilitate mass transfer into and out of the pores, make them ideal candidates for 

catalyst supports. 

The incorporation of heteroatoms into the siliceous framework to modify the inorganic walls has 

been of interest for a long time. There are broadly two methods by which this can be achieved; 

Directly, by using a mixture of silica and the heteroatom in question, or by the post-treatment of 

an as-prepared MSN. The direct method yields a more homogeneous distribution of the 

heteroatom. Many studies have been performed on this method, using various metals.[13] The 

incorporation of titanium (Ti) in mesoporous silica was achieved by this method, by adding a 

source of titanium to the gel. [ 17] On the other hand, post treatment methods often lead to a higher 

active species concentration on the surface. It was for this reason that it was employed by Mokaya 

et al. to synthesize aluminum-coated silica with enhanced hydrothermal stability.[18] The most 

commonly used post treatment method is the incipient wet impregnation method. In this method, 

a precursor containing the active species is added to a catalytic support which has the same pore 

volume as the volume of solution added. Capillary action then takes over and draws the solution 

into the pores. The material is then calcined to remove any volatile components and yield the final 

catalyst. This method has been used extensively to load nickel and cobalt on mesoporous silica. 
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Various other metals, such as Sn[ 19] and Zr[20] have been introduced into the siliceous framework 

to provide catalytic activity for particular reactions. While there are various routes of synthesis, 

they each come with their own drawbacks. Many of these processes require high temperatures and 

long calcination times, to remove the template. 

In this thesis, we first demonstrate the room temperature synthesis of mesoporous silica via the 

sol-gel route and then the subsequent incorporation of a metallic species (nickel) into the MSN 

framework, using a flame-driven process in a novel High Temperature Reducing Jet Reactor. An 

aqueous precursor containing both the MSN and the salt of the metal to be used is fed into the 

reactor, wherein an environment containing excess hydrogen helps reduce the salt to its metal 

form, yielding the metal decorated MSN. Various analyses were carried out to determine the final 

structure and composition of the product, including X-Ray Diffraction and Transmission Electron 

Microscopy. N2 adsorption/desorption measurements helped us to determine the pore sizes and 

pore volumes, which varied between 1.97 nm and 2.74 nm and between 0.74 m3/g and 0.94 m3/g 

respectively. 
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Chapter 2: Materials and Methods 
2.1) High Temperature Reducing Jet Reactor: 

Researchers at UB, in collaboration with Praxair Inc., engineered a High Temperature Reducing 

Jet reactor system in order to synthesize non-oxide metal nanoparticles. It is essentially a flame

based process that differs from the other such processes in that it makes use of a patented 

converging-diverging nozzle that separates the flame chemistry from the nanoparticle formation 

process. This nozzle is made of stainless steel and has two diametrically opposite holes where the 

precursor is fed in, perpendicular to the nozzle as shown in figure 1 . 

. Reaction Chamber . 

Figure 1: Schematic of the reactor 
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The system makes use of a fuel-rich hydrogen flame to create a reducing environment where metal 

precursors will be reduced to their respective metals. The high velocity gas stream atomizes the 

precursor and the droplets formed rapidly evaporate, followed by precursor decomposition and 

particle nucleation. The particles are then immediately quenched to prevent further growth and 

sintering and are collected in the filter housing. A detailed schematic of the system is shown in 

Figure 2. 

HTRJ Reactor Schematic Reactor Effluent 
Particle 

PLC/ Mass Flow 
Quench : Controller 

Particle 
Collection 

etl] ",", 
Flow Skid 

Syringe Pump 

Precurs:or 

Figure 3 : A Schematic of the HTRJ Reactor{l} 

The HTRJ process follows the protocol illustrated in Figure 3. For the preheating step, the flow 

rates ofH2, N2, and 02 were set at 9 Standard Litres Per Minute (SLM), 6 SLM and 1.7 SLM 
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respectively. Once the system reached approximately 430°C, water was fed into the nozzle via 

the feed lines and the rates ofH2, N2, and 02 were changed to 11 SLM, 5 SLM and 3.2 SLM 

respectively. This step was undertaken in order to stabilize the flame. Once the flame was stable 

and the temperature was at around 550°C, the precursor was fed in using a peristaltic pump. The 

stream leaving the reactor was then quenched with N2 at a rate of 100 SLM which aided in 

stopping further particle growth. 

Figure 4: HTRJ Process Protocol 

Initially, the precursor was delivered to the system using a Pharmacia P500 syringe pump at a 

steady rate of 250 mL/hr. However, due to the silica precursor being a suspension and clogging 

the syringe pump, it was changed to an ISCO Tris peristaltic pump which was instrumental in 

avoiding blockages of the precursor line. The precursor delivery rate was changed to 200 mL/hr. 

2.2) Materials and Synthesis 

2.2.1) Synthesis of Mesoporous Silica : 

Mesoporous silica with varying morphologies was synthesized by a sol-gel soft templating method 

at room temperature, with tetraethyl orthosilicate (98%, reagent grade, Aldrich) acting as the 
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source of silica and hexadecyltrimethylammonium bromide (CTAB, 99+%, Acros) as a structure 

directing surfactant. Other reagents used were ammonium hydroxide (NH4QH, 28-30%, J.T Baker) 

and ethanol (anhydrous, Decon Laboratories). 

In a typical experimental procedure, a silica-sol was first prepared by mixing 23.4 mL of ethanol, 

16.4 mL of water and 8.2 mL of ammonia solution. This sol was kept under constant stirring and 

then 2 .18 g of CT AB was added. The solution was then further stirred for 15 minutes after which 

4.46 mL of TEOS was added dropwise over a span of2 hours, using a Harvard Apparatus syringe 

pump set at a rate of 2.23 mL/hr. The addition of TEOS caused the translucent solution to tum 

opaque, signaling that the reaction has started. The solution was then subjected to vacuum filtration 

and the obtained precipitate was dried under a constant air flow for 4 hours. The obtained dried 

product was then finely crushed and calcined at a temperature of 550°C for 3 hours to remove all 

traces of the surfactant. The overview of the entire process has been shown in figure 4. The molar 

ratio of TEOS: NH4QH: EtOH was kept fixed at 1: 10.4:20; The molar ratio of water was varied 

from 45 to 1200 while that of CTAB was varied from 0.1 to 0.3. Depending on the amounts of 

water, the MSNs are classified as MSN45.6, MSN600 and MSN1200. Batches were prepared in 

duplicate and one batch was kept half calcined ( at 200°C) to study the effect of the HTRJ reactor 

on the sample and see if we could achieve complete calcination during the HTRJ process. 
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Figure 5 : Overview of MSN synthesis, starting from the sol till the final product 

2.2.2) In-situ metal decoration of mesoporous silica in the HTRJ : 

The obtained product, after calcination, was added to deionized water along with a suitable metal 

nitrate salt. This solution was then subjected to ultrasonication for 30 minutes in a Branson 3510 

sonicator. This suspension was then fed as a precursor to the HTRJ at a rate of 200 mL/hr. The 

hydrogen environment helps reduce to the nitrates to their metal counterparts, which are embedded 

in the pores of the mesoporous silica. Post quenching, the nanoparticles were collected on a 293 

mm PVDF filter membrane with a 0.22-micron pore size (EMD Millipore) downstream of the 

reactor. The metal salt used was nickel nitrate hexahydrate (99%, Acros). 
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2.3) Materials Characterization : 

Various characterizations methods including X-Ray Diffraction (XRD), Transmission Electron 

Microscopy (TEM), Energy Dispersive X-ray spectroscopy (EDS), Scanning Electron Microscopy 

(SEM), and surface area analysis have been performed on the silica nanoparticles and the 

functionalized silica nanoparticles. 

EDS was used to analyze the composition of the nanoparticles and was performed using an 

AURIGA™ CrossBeam® Workstation (FIB-SEM) from Carl Zeiss SMT with an Oxford 

Instruments X-Max® 20 mm2 EDS detector and INCA® software for elemental composition 

determination. In order to characterize the size and morphology of nanoparticles TEM (JEOL 

model JEM 2010) was used. The grid used for this process was 200-mesh copper with a carbon 

support film. 

A Rigaku Ultima IV X-Ray Diffractometer was used to conduct wide angle XRD in-order to 

confirm the crystallinity and crystal phases of the functionalized nanoparticles, with a scan speed 

of 4 degrees per minute and an angular range of 5-90°. Specific surface area measurements were 

carried out using N2 adsorption/desorption at 77K on a Micrometrics TriStar II instrument. Prior 

to this, the samples were degassed at 300°C for 3 hours. BJH adsorption/desorption measurements 

were also carried out in the same instrument to determine pore size and pore volume. 
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Thermogravimetric Analysis was carried out on a TA Instruments DSC SDT Q600 to determine 

the mass-temperature dependence of the samples and compare the half-calcined samples with the 

fully calcined samples. 

A Bruker Vertex 70 FT-IR spectrometer was used for IR spectroscopy in ATR mode in the range 

of 400cm-1 to 4000 cm-1 to determine the nature of interactions between the MSNs and the metal. 
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Chapter 3: Results and Discussions 

3.1) Mesoporous Silica Nanomaterials Synthesis and Characterization: 

Here we present results ofvarious characterizations ofMSNs without metal decoration. The results 

of XRD, SEM, TEM, FTIR, and BET measurements provide information on the structure, 

morphology, and pore parameters of the synthesized MSNs. 

First, wide angle X-ray diffraction was carried out to check for the presence of any crystalline 

phases. The XRD pattern shown in Figure 5 exhibits a single broad peak at around 25°, confirming 

the presence of amorphous silica. We do not expect to see any sharp peaks, owing to the lack of 

long range order in the MSNs. 

350 

300 

-:,250 
~ 

.:2. 200 
~ 
~ 150 
•,U 

E 100 

50 

0 5 25 45 65 85'---------= 
Diffraction Angle. 28 

Figure 5: Representative X-Ray diffraction pattern for the MSNs 
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Secondly, SEM and TEM imaging were carried out to determine the structures of the MSNs. 

Figure 6 shows the morphologies ofMSN45.6, MSN600 and MSN1200, where the sample names 

correspond to the water:CTAB molar ratio used in the synthesis. The water:CTAB ratio plays an 

important role in controlling the morphology of these MSNs. Starting from spherical structures, as 

the amount of water is increased, the morphology becomes more and more elongated, resulting in 

rod-like structures as can be seen from the SEM images ofMSN600 and MSN1200 in Figure 6. 

Figure 6: SEM images of MSN45.6, MSN600 and MSN1200 

Next, TEM imaging was carried out in order to ascertain the presence of the porous structure and 

to determine the orientation of the pores. Figure 7 shows the almost completely spherical structure 

of MSN45.6. The nanoparticles were collected immediately post-calcination on a TEM grid. The 

porous structure can clearly be seen and the mesopores appear to be randomly oriented. Figure 8 

shows the morphology of MSN600 at various levels of magnification. The change in morphology 

from spherical to rod-like can clearly be seen here, and the porous structure is also clearly visible. 

At a higher magnification, we can see that the mesopores are more ordered than those in MSN45.6. 
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Figure 9 shows the morphology ofMSN1200 at varying levels ofmagnification. We observed that 

the length of the rod-like structures formed was dependent on the water content. The structures 

observed in sample MSN1200 were longer than those obtained with MSN600. These structures, 

however, seem to be more fragile than the others. The porous structure is evidenced clearly in the 

TEM images, in which we see that the mesopores are more ordered here than in the previous cases. 

Figure 7: TEM images of MSN45.6 

Figure 8: TEM images of MSN600 at varying magnifications 
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Figure 9: TEM images of MSN1200 at varying magnifications 

Next, N2 adsorption measurements were carried out to analyze the porosity of the MSNs and the 

accessibility of the pores. The 11 point method was employed for the MSN1200 while MSN45 .6 

and MSN600 were subjected to the 44-point measurement protocol. From the graphs shown in 

figure 6, we observe that the isotherms are different for different amounts of water. For MSN45.6, 

we observe a type IV isotherm. The isotherms for MSN45.6 and MSN600 are similar to one 

another but different from the MSN1200 isotherm. 
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Figure 10: N2 adsorption isotherms for a) MSN45.6, b} MSN600 and c) MSN1200 

From the graphs shown in figure 10, we see that the isotherms are qualitatively different for 

samples prepared using different amounts of water. For MSN45 .6, we observe a type IV isotherm. 

The isotherms for MSN45.6 and MSN600 are similar to one another but different from the 

MSN1200 isotherm. A steep increase in the amount ofN2 adsorbed occurs at a relative pressure 

of about p/po = 0.2, indicating the condensation of N2 within the pores and, thus, the presence of 

mesopores . MSN600 and MSN1200 adsorb more N2, indicating higher specific surface area. The 

difference in isotherm shape reflects a difference in pore size distribution. We also observe an 

increase in pore volume as the water content is increased, consistent with the increase in surface 

area. These results are summarized in Table 2. 
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Water:CTAB Pore Size (nm) Pore Volume (cm 3/g) BET Surface Area 
(m2/g) 

45.6:0.3 1.97 0.76 1014 

600:0.3 2.74 0.97 1568 

1200:0.3 1.85 0.77 1665 

Table 2: Pore sizes and pore volumes of the various MSNs obtained 

Next, TGA measurements were carried out in order to study the thermal stability of these MSNs 

at high temperatures. From the TGA curves for MSN45.6, MSN600 and MSN1200 shown in figure 

11 , we observed very little weight loss, indicating their thermal stability. The small dips that we 

see in the curve above 500°C could be due do the decomposition of trace amounts of CT AB that 

were left behind. From TGA curves for the MSNs that were half calcined (calcined at 200°C), 

represented by the blue curves, we notice a weight loss of about 30-40% as the temperature rises 

to 500°C, after which there is almost no loss, indicating that all the CTAB has decomposed. 

Another interesting thing that we noticed was the change in color of the samples from brown to 

white on completion of the TGA measurements, indicating that the remaining calcination occurred 

in the device. 
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Figure 11: TGA curves for a) MSN45.6, b} MSN600, and c) MSN1200 half-calcined and fully calcined 

3.2) Nickel-Decorated MSN45.6: 

In this section, we present the results of various analyses carried out on the nickel decorated 

spherical MSNs. The precursor fed to the HTRJ reactor was an MSN45.6 suspension to which 

varying amounts of nickel nitrate hexahydrate were added in order to achieve metal decoration. 

First, wide angle powder XRD was carried out to identify any crystalline nickel present. From 

figure 12, we can see that there is no distinct nickel peak for the sample produced using 10% 

addition of nickel by mass relative to the MSNs. This could probably be due to the nickel being 

deposited as very small particles deep inside the pores of the MSNs. For 20% addition of nickel 

by mass, we observe a small peak starting at 28=44 °, corresponding to the Ni (111) crystal planes. 

However, for 30% nickel addition, we observe very sharp peaks at 28=44, 52, and 76°, 
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corresponding to the crystalline planes of Ni(ll 1 ), Ni(200) and Ni(220) respectively. No nickel 

oxide peaks were observed. 
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Figure 12: X-ray diffraction patterns for MSN45.6 with varying percentages of nickel 

Next, SEM imaging and elemental mapping were carried out to determine the composition of the 

metal decorated MSN45 .6. Figures 13a) and 13b) show the region of mapping and the 

distribution of nickel in the MSN45 .6 samples for 10% metal addition and figures 13c) and 13d) 

show the region of mapping and distribution of nickel for 30% nickel addition respectively. The 

nickel distribution is indicated by the red regions. 
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!::le-ctmn Image 1 

Figure 13: SEM and elemental mapping ofMSN45.6 for a,b}10% nickel addition and c,d}30% nickel addition 

TEM imaging was carried out to further confirm the presence of nickel in the MSNs, as shown in 

figure 14. Nickel was well dispersed in the pores of the MSNs for both 10% metal addition and 

30% metal addition. However, for 30% metal addition, we observed a notable amount of nickel 

on the surface of the MSNs as well. 
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Figure 14: TEM images of MSN45.6 for a,b} 10% nickel addition and c,d) 30% nickel addition. 

We also studied the half-calcined MSN45.6 with 10% salt addition that was fed to the HTRJ. We 

observed that although the nickel decoration can be seen clearly, the overall spherical structures 

of the MSNs was somewhat degraded. For 30% salt addition, the majority of the structures ended 

up damaged or broken, and traces of elemental nickel were visible in regions outside the MSNs. 
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Figure 15: TEM images of half calcined MSN45.6 for a,b}10% nickel addition and c,d}30% nickel addition 

3.3) Nickel-Decorated MSN600: 

In this section, we present the results of various analyses carried out on the nickel decorated rod

shapped MSNs. The precursor fed to the HTRJ reactor was an MSN600 suspension to which 

varying amounts of nickel nitrate hexahydrate were added in order to achieve metal decoration. 

First, wide angle X-Ray diffraction was carried out in order to confirm the presence of nickel. In 

figure 16, no distinct nickel peak was visible for 10% nickel salt addition. This could be due to the 

nickel being deposited deep within the MSNs as amorphous or poorly crystalline very small 

particles that do not produce a significant diffraction peak. For 20% nickel addition, we see very 
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small hints of a peak at 28 = 44°, corresponding to Ni (111). This could be because of the nickel 

being highly dispersed. For 30% nickel addition, we observe a sharp peak at 28 =44° corresponding 

to Ni(l 11). As in the case of MSN45.6, no nickel oxide peaks were observed, suggesting that the 

metal decorated on the MSNs is crystalline nickel. 
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Figure 16: X-ray diffraction pattern of MSN600 with varying percentages of nickel 

Next, SEM imaging and elemental mapping were carried out to determine the composition of the 

metal decorated MSN600. Figure 17a) shows the region over which elemental mapping was 

carried out. The green regions in figure 17 b) show the distribution of nickel in the MSN600 for 

10% metal addition. 
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Figure 17: SEM and elemental mapping of MSN600 with 10% nickel 

TEM imaging was carried out to further confirm the presence ofnickel in the MSNs. We observed 

that the nickel was well dispersed in the pores of the MSN s for 10% metal by mass addition. 

Figure 18: TEM images of MSN600 with 10% nickel 

To conclude, FTIR spectroscopy was conducted in order to determine the nature of the metal 

decoration. As we can see from Figure 19, the FTIR spectra for the nickel decorated MSNs and 

the as-synthesized MSNs are almost the same. We observed absorbance peaks at 1100 cm-1 and 

3400 cm-1 corresponding to Si-O-Si groups and OH groups, respectively. The OH groups are due 

to the presence of some moisture in the samples. The FTIR spectra suggest that the metal 
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decoration is a physical phenomenon and there is no chemical interaction as we did not observe 

the nickel phyllosilicate peaks that we expected. [21] 
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Figure 19: FTIR spectra of MSN45.6 and MSN600 with and without nickel addition, as labelled. 
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Chapter 4: Conclusions and Future Work 

In this thesis, we have demonstrated the sol-gel synthesis of MSNs of varying pore sizes and 

pore volumes and their subsequent metal decoration in our HTRJ. A wide array of 

characterizations was done to determine the morphology, size and porosity of the MSNs and the 

decorated MSNs. 

While this is a largely scalable process and has an above-average yield, it is not without its 

drawbacks. We hope to address these problems in the future and this is the outline that we plan 

on following: 

• Carrying out the entire calcination in the HTRJ, so as to save on time and avoidable costs. 

• Carrying out hydrogen chemisorption measurements to selectively measure nickel 

surface area. 

• Running sintering experiments to assess the stability of the catalyst under the conditions 

of dry reforming of methane. 

• Making use of a cheaper source of silica, as TEOS may not be a feasible option for low

cost applications. The lowest-cost alternative silicon source would likely be water glass 

( sodium silicate). 
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Apart from this, we would aim to improve the tunability of the pore sizes and volumes in order 

to achieve better loading efficiencies for catalysts and attempt multi-component decoration of 

these MSNs. 
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