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ABSTRACT

As-synthesized and surfactant extracted periodsoperous organosilica (PMO) materials were
synthesized by the sol-gel method under acidickasic conditions. Five different silica sources
were used: tetraethylorthosilicate (TEOS), 1,2thisgethoxysilyl)ethane (BTME), 1,4-
bis(triethoxysilyl)benzene (BTEB), 4,4-bis(trieth@dyl)-1,1-biphenyl (BTEBP) and bis[3-
trimethoxysilyl)propyl]-amine (BTMSPA). Two struagi directing agents were used, triblock
copolymer (Pluronic P123) and cetyltrimethylammaonitbromide (CTAB). As-synthesized
PMO materials were used as templates for the sgistio¢ silica on carbon nanocomposites with
various nanostructures (nanotubes, bamboo nangtsiiesres and beads).

FTIR spectroscopy and thermogravimetric analysisfiomed the formation of organosilica
materials and show that the surfactants Pluronig3Pdnd CTAB were removed by solvent
extraction. The use of the surfactant Pluronic Pa2fluced periodic mesoporous organosilica
materials which had surface areas which followsgsdtematic trend. It was seen that the size of
the organic group had an effect on the surface atd#ained on the periodic mesoporous
organosilica materials produced. From the resultthe surface areas of solvent extracted
samples, it was observed that the smaller the clemigth of the organosilica precursor, the
higher the surface area obtained. It can therelf@econcluded that small organic groups
(ethane) are more favorable for synthesizing PM@k high surface areas followed by rigid
organic groups (benzene and biphenyl) and lasélyillle organic groups (bis(propyl)amine).
The surface areas are obtained for SE-TS-P123, 8§-B123, SE-PS-P123, SE-BS-P123 and
SE-BPS-P123 are 839.4, 802.3 and 344/ n527.1 and 386.2 Ty.

The use of the surfactant CTAB yielded periodic opesous organosilica materials which
followed a systematic trend, with the exceptionS&E-BS-CTAB. In the surfactant extracted
samples the BET surface areas decrease as thelehgth of the organic groups is increased.
SE-TS-CTAB, SE-BMS-CTAB and SE-PS-CTAB have surfaoeas of 947.4, 901.1 and 331.6



m?/g respectively. TEOS has no organic groups, BTMEs htwo CH chains and
bis(propyl)amine has six GHchains attached to a NHyroup making it very flexible hence
yielding the lower BET surface area. It is evidegom BET that the materials are porous but the
structural periodicity must have been confirmedidy angle XRD. Low angle XRD was not
done for all the surfactant extracted periodic rpesous organosilica samples formed due to

inadequate resources.

PMOs synthesized using Pluronic P123 as the steictivecting agent have lower surface areas
than those obtained using CTAB. However SE-BS-CT#8l a higher surface area than SE-
BMS-CTAB. This was higher than what was anticipatkdshows that 1,4-Bis(triethoxysilyl)
benzene forms PMOs with better structural propeniidnen CTAB as the structure directing
agent is used. It can therefore be concluded tA#&BCis a better structure directing agent for
synthesizing PMOs with better structural properties CTAB.

The carbonization of as-synthesized and surfactatracted mesoporous materials in quartz
tubes under an inert atmosphere resulted in asbvenge of carbon on silica nanostructures.
AS-T-CS 1000°C/5 h produced carbon on silica bamboo nanotubés wérying shapes and
some amorphous material. The sample is thermallesiup to 58£C in an air atmosphere. The
presence of silica in the material was confirmed®A. AS-P-CS 1000C/5 h produced carbon
on silica nanotubes with very thick internal diaerstof between 160 — 170 nm, carbon spheres
with average diameters of 400 nm and amorphousnarbhe sample is thermally stable up to
416 °C in an air atmosphere. EDX confirmed the presefcsilica, carbon and oxygen in the
various nanostructures obtained for this sampleBASS 1000°C/5 h produced carbon on silica
nanotubes with varying small internal diameters anmtbrphous carbon material. The sample
was the most thermally stable of the three magerial to 65FC in an air atmosphere. Raman
spectroscopy revealed that all samples had a layvedeof graphitization and are therefore
amorphous. Thepllg ratios of AS-T-CS 1000C/5 h, AS-B-CS 1006C/5 h and AS-P-CS 1000
°C/5 h samples are 0.81, 1.87 and 0.96. The disartlehe samples does not follow any

systematic trend.



AS-BS-P123 samples heated at different carbonizagmperatures produced different carbon
on silica nanostructures which included spheres amashotubes. Amorphous material
(approximately 60%) was also produced. The presehaicon and carbon in the carbon on
silica nanocomposites produced was further confirme®y the use of scanning X-ray
photoelectron spectroscopy (SXPS) (AS-B-CS 1006 h sample). Raman spectral data
showed that as the carbonization temperature isased, the degree of disorder of the materials
also increased. The temperature at which major dbasiges occurred due to the oxidation of
carbon increased as the carbonization temperatgreased up to 1000. Low surface areas
and pore volumes were obtained for all mesopordusnyl-bridged organosilica/surfactant
mesophases heated at different temperatures. This e due to the high carbonization
efficiency at temperatures from 70C to 1100°C that there is rapid formation of carbon
deposits which blocks some of the mesopores. Alsihese high pyrolysis temperatures, the
carbonization may be so fast that the surfactariecontes are directly converted to carbon which

blocks the pores rather than being burnt off.

Longer pyrolysis times vyield various shaped carlwn silica nanocomposites (nanotubes,
spheres, beads and amorphous material) and shmytelysis times yield only amorphous
material and beads. AS-P-CS 1000/5 h produced carbon on silica nanocomposites of
nanotubes, spheres, beads and amorphous matestal.AB-P-CS 1000C/1 h and AS-P-CS
1000°C/0.5 h carbon on silica nanocomposites produceor@mous material and beads. Most
carbon on silica beads of AS-P-CS 10@J1 h and AS-P-CS 100iC/0.5 h have sizes which
range from 1.8 — 2.4 and 1.2 — 2.0 um, respectiv&@hprter pyrolysis times of 0.5 h produced
carbon on silica beads with smaller diameters whaiged from 1.2 — 2.0 um and pyrolysis
times of 1 h produced carbon on silica beads vathdr diameters of 1.8 — 2.4 um. The Raman
data showed that as the carbonization time is aser@, the degree of disorder in the carbon on
silica nanocomposites also increases. The theraailisy of the carbon on silica nanocomposite
samples decreased as the carbonization time waesased.
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Chapter One Introduction

CHAPTER ONE

INTRODUCTION

1.0 Background to the study

In the past decade, a lot of work has been pattivg synthesis of well defined porous materials
, because of their potential applications in cataly{1 - 3], separation science [4,5], and
environmental remediation [6, 7]. The scope of psronaterials was expanded in 1999 when
several research groups reported on a new clasggahic-inorganic hybrid composites, called
periodic mesoporous organosilica materials (PM@s}-[10]. Silica/carbon composites are an
example of a hybrid material and are particuladysatile materials that find many possible uses
for example in electrochemical devices [11], andrsabsorbers [12]. Silica/carbon composites
may be prepared via many methods including sotegdiniques followed by carbonization [13],
pyrolysis of suitable carbon precursors in a porgsiiga matrix [14] or carbonization of

organosilica/surfactant mesophases [15].

Silica/surfactant and organosilica/surfactant phasmthesized by sol-gel condensation of silica
precursors and bridged silsesquioxanes have beshassprecursors for the fabrication of a wide
range of nanostructured materials under a flow of i@ert gas [15 — 18]. By heating
mesostructured benzene-bridged PMO with crysta pkre walls for 4 hours at 96C in a
stream of nitrogen, Parg al obtained mesoporous carbon/silica hanocompositeriais with
pore walls uniformly constructed from molecularkm@ar and silica units [15]. Pinnavag al
reported the formation of carbon nanotubes by in sarbonization of a micellar non-ionic
surfactant (Pluronic P123) under a flow of nitrodé6]. Urbanet al synthesized multiwalled
carbon nanotubes by graphitization of as-synthdsim@esoporous silicas templated by
cetyltrimethylammonium bromide [17]. Mokayat al showed that periodic mesoporous
1
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organosilica surfactant mesophases can be transfointo silica/carbon nanocomposites and
mesostructured forms of pure silica, carbon andasilcarbide [18].

In this study, the sol-gel process was used forsymhesis of as-synthesized and surfactant
extracted periodic mesoporous organosilica materfalve different silica sources were used:
tetraethyl  orthosilicate  (TEOS), 1,2-bis(trimetheiyl) ethane (BTME), 1,4-
bis(triethoxysilyl)benzene (BTEB), 4,4-bis (triettysilyl)-1,1 biphenyl (BTEBP) and bis[(3-
trimethoxysilyl)propyl]-amine (BTMSPA). Two struagi directing agents were used, triblock
copolymer (Pluronic P123) and cetyltrimethylammanibromide (CTAB). The chain length of
the organic moiety and the nature of the structlimecting agents were varied in order to study
their effect on the morphology, thermal stabilitydaon the surface properties (namely surface
area, pore volume, pore size and pore size disiniipu of the materials synthesized. The
resulting as-synthesized periodic mesoporous osjlce materials were used as templates for

the synthesis of carbon on silica nanocompositeg wssimple carbonization process

Carbon on silica nanocomposites were synthesized dwectly carbonizing the
organosilica/surfactant phases at different tentpega under an inert atmosphere produced by
first sealing the mesoporous silica materials iartputubes under vacuum. The carbonization
process was done in a muffle furnace. No carbooupser was impregnated in the pore walls of
the mesoporous silica materials before carbonizatibhe effect of carbonization time,
carbonization temperature, and the nature of fle@&rganosilica precursor on the morphology,
graphitic/amorphous nature, thermal stability, &adural properties of carbon/silica composites
was investigated. This resulted in carbon on siiaaocomposites being formed with various
nanostructures (e.g. nanotubes, spheres, etchelboest of our knowledge, this is the first report
on the direct preparation of carbon on silica nangoosite materials with various nanostructures

being produced by this process.
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1.1 Objectives of the study

The objectives of the study are as follows:

To synthesize periodic mesoporous organosilica maégeausing the sol — gel method.

To study the effects of the variation of templatesl organosilica precursors on the
structural properties (namely surface area, porkime, pore size and pore size
distribution), morphology and thermal stability tife resulting periodic mesoporous

organosilica materials formed.

To use the periodic mesoporous organosilica mégef@med as templates for the

synthesis of silica on carbon nanocomposites.

To study the effect of carbonization on differegbhd organic-inorganic materials at a

constant temperature.

To investigate the effects of varying carbonizatibome and temperature on the

morphology, thermal stability and quality of carbmmsilica nanocomposites produced.

To characterize all materials formed by a varidttechniques such as thermogravimetric
analysis, transmission electron microscopy, highgmfecation transmission electron

microscopy equipped with EDX, fourier transfornframned spectroscopy, nitrogen
sorption, Raman spectroscopy, scanning electrorostgopy (SEM), and scanning X-ray

photoelectron spectroscopy (SXPS).
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1.2 Dissertation outline

Chapter 1 This chapter provides a brief review of the sdl4gethod, its history, its chemistry
and advantages and disadvantages. The backgroumybtid organic-inorganic silica materials,
periodic mesoporous organosilica materials, cadiosilica nanocomposites and nanotubes and

related nanostructures are also discussed. Ther@digen outline is also summarized.

Chapter 2 provides a review of the literature related to siyathesis of periodic mesoporous

organosilica materials, mesoporous carbon matearadscarbon/silica nanocomposites.

Chapter 3 describes the general preparation methods andatkarzation techniques of periodic
mesoporous organosilica materials and carbon arasilanocomposite materials used in this

study.

Chapter 4. In this chapter, the results and discussion irglato the synthesis of periodic

mesoporous organosilica materials and carbon ma sihnocomposites are presented.

Chapter 5. In this chapter, conclusions are drawn basedcerrdsults obtained with respect to

the initial objectives of the study.
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1.3 Sol-gel processing

1.3.1 History of sol-gel processing

Sol-gel processing methods were first used hisaflyicfor decorative and constructional
materials. They have also long been used for tedpdess processing of glasses and ceramics.
The first metal alkoxide was prepared from silicetrachloride (SiG) and ethanol by Ebelmen

in 1845 [10]. He found out that SiCand ethanol gelled on exposure to the atmosphére w
normal humidity. This metal alkoxide was calleddethylorthosilicate (TEOS). The commercial
production of sol-gel coatings onto flat glassepegped in the early sixties. However the
development of sol-gel science only really statteenty years ago with the “First International
Workshop on glasses and ceramics from Sols” in 1984dny new applications for sol-gel
prepared materials were developed in tH8 @ntury. Sol-gel processes are now widely used for
the synthesis of multicomponent ceramics [11], piage materials [12] and more than 6000
papers have been published during the past 22 ywathe subject [13]. One of the major
advances of sol-gel processing that has been sg@rgdhe last few years is undoubtedly the
synthesis of hybrid organic-inorganic materialsisTheld was initiated in the 1980s by the
pioneering work of Schmidt and co-workers at thaurhoffer Institute [14]. Intermediate
between glasses and polymers, these nanocompopiéesup new possibilities in the field of
materials science. They have led to the developroértinctional coatings, optical devices,
chemical sensors and even bio-sensors. Today kotgthods are reaching their full potential,
enabling the preparation of new generations of acka materials not easily accessible by other
methods, yet using mild, low energy conditions. [Eab1 shows the elements that have been

used to this date in sol-gel processing [15].
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Table 1.1 Elements used to date in sol-gel prongssi

Li Y Cr B N
Na La Fe Al P
K Nd Co In As
Cs Th Ni C Sb
Mg U Pd S @)
Ca Ti Au Ge S
Sr Zr Zn Sn F
Ba Hf Cd Pb

1.3.2 Thechemistry of sol-gel processing

The silicon based sol-gel process was employediswtork, therefore the fundamental reaction
principles will be discussed using this process asodel system. The term sol-gel synthesis is
defined broadly to mean the preparation of ceranaterials by the preparation of a sol, gelation

of the sol, and removal of the solvent [15].

A colloid is a suspension in which the dispersed phase isn&dl (~1 nm — 1 um) that
gravitational forces are negligible and interacsi@ne dominated by short range forces, such as
van der Waals attractions as well as surface chayesol is a colloidal suspension of solid
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particles in a liquid. Agel is a substance that contains a continuous sobtetln enclosing a
continuous liquid phase, with both the solid andill phases having colloidal dimensions.

The sol-gel process starts from a homogeneous@olot the precursor (starting compound) in a
solvent, and leads to the formation of soluble mse®ligomers, polymers, cross-linked chains
and colloids. They result from the chemical reactaxcurring in solution before the sol-gel
transition. Then, once the gel is formed (solighesesis and ageing become important steps,
since chemical and physical transformations stilus and strongly influence the characteristics
of the material. Finally, xerogels are obtainecaélimination of the solvent and drying. The

following paragraphs will give a brief descriptiohthe stages involved in sol-gel processing.

In sol-gel processing, the precursors for the gragon of a colloid consist of a metal or
metalloid element surrounded by ligands. Metal xi#tes are members of the family of
metalorganic compounds, which have an organic tigatached to a metal or metalloid atom.
The most common of these is silicon tetraethoxi@®&(QGCHs)s). This is also called
tetraethoxysilane, or tetraethylorthosilicate (TBEOS

Sol-gel processing involves a series of stages 1Fiy These are hydrolysis and condensation
chemistry, gelation, aging, and drying through wahan alkoxysilane monomer is converted into
a hyper-cross-linked siloxane network. Princip&y.SiX, compounds (n=1-4, X=0R’,R =
alkyl group) are used as molecular precursors, hichvthe Si — X bond is liable to hydrolyse
forming unstable silanols (Si-OH) that condenséilegto Si — O — Si bonds.



Chapter One Introduction

Hydrolysis

The first step in sol-gel processing of silica (§i@& hydrolysis of silicon alkoxide to form a

hydroxylated product and a corresponding alcohchége 1.1).

OR OR

OR—S8i— OR + H,0 —> OR—Si— OH+ ROH

o A
OH l

L

3H,0

3ROH 4+ OH—Si— OH

OH
Scheme 1.1. Schematic representation of hydrobfdistraalkylorthosilicate (R = alkyl).
The process is catalysed by acids or bases raguitidifferent reaction mechanisms leading to

the condensation reaction as shown in Scheme h& pH used therefore has an effect on the

kinetics of the reaction which is usually expresgdhe gel point of the sol-gel reaction.
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Acid Catalysis

y OR
RO + H + | + H
\ H . 0 o,
o + wSi—OR —~——— O----- Si====--
/ rROW. / NI \
H RO RO oR OR
OR
HO—Si-.,, + ROH *+ H*
\ “/or
OR
Base Catalysis
RO\ TR - OR
5
HO"------- > Si—OR ——=—= | HO------ Si----OR |[=—= HO—S|, ~ * OR
ROV S \N"or
RO RO OR OR

Scheme 1.2. Hydrolysis mechanisms of tetraalkytmiticate (R = alkyl).

The reaction is slowest at the isoelectronic poinsilica (between 2.5 and 4.5 depending on

different parameters) and the speed increaseslyapid changing the pH. Not only do the

reaction conditions have a strong influence on kimetics of the reaction but also on the
9
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structure of the precursors. Generally, larger swients decrease the reaction time due to s
hindrance. In additionhe substituents plea role in modifyingthe solubility of the precursor
the solvent. Water is required for the reaction #ndrganic subtituents are quite largthe
precursor becomes immiscible in the solvent. Byngirag the solvent one has to t into
account that it can intmre in the hydrolysis reactionor exanple alcohols can undergo tri-
esterification reactions leading to quite compkchaequilibria in the mixture. Hence, for a w

defined material the reacticonditions have to bine-tuned.

The pH not only plays a majorle in the mechanism but also affeth® microstructure of th
final material. Applying acidzatalysed reactions, an open network structuréerfitst steps of
the reaction leads to condensat of small clustrs. By contrast, the basatalysed reactio
leads to highly crosslinkkesol particlesin the first reactiorsteps. This can lead to variations
the homogeneity of the final materials. Commondgad catalysts athydrochloric acid HCI),
sodium hydroxide (NaOH) oammonium hydroxideNH,OH), but fluorides can be used

catalysts leading to fast reaction tin

Condensation

Condensation reactions can either be water contdenreactions

Si(OCH,CH,),0H + HOSi(OCH,CH,); <« (CH,CH,0),Si0Si(OCH,CH,), + H,0

or alcohol condensatiamaction:

Si(OCH,CH,),0R+ HOSi(OCH,CH,); < (CH4CH,0),Si0Si(OCH,CH,), + ROH

10
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The reverse reactions are hydrolysis and alcolglysispectively. As with initial hydrolysis,
condensation reactions may be acid or base cathlgsd in either case the reaction proceeds via
a rapid formation of a charged intermediate bytieaavith a proton or hydroxide ion, followed
by slow attack of a second neutral silicon speciethis intermediate:

Acid catalysed
OH
HO HO, H
\ i Fast \ . -‘\\\\\\R
HY + HOVIS'_OH HOVSI—O\ + HO—Si,
R R/ H OH
Slow
OH
HO, (\\\\R
N o Si——O—Si!
H 0" + HO y AN
E OH
Base catalysed
HO, HO
HO\ m Fast N . \S' _OH
Lo SOH  + OH = Ho\\\“;s'_O * HO’II
4 ’ :
+ H,0
Slow
OH
HO, /
R
\\.-Si—O—Si/
OH +  HOW / \
K OH

Scheme 1.3. Condensation mechanisms of tetraalkglsficate (R = alkyl).

11
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Gelation

During gelation, there is formation of a spannidgster across the vessel, giving rise to a
network which entraps the remaining solution. Tleéltas a high viscosity. Gelation does not
affect the chemical composition of the mixture.

Ageing

During ageing, a series of processes including &ion of further cross-links, associated
shrinkage of the gel as covalent links replace padbd contacts, Ostwald ripening and

structural evolution with changes in pore sizes i@ wall strengths occur.

Drying

After ageing of the gel, it is normally dried tonreve the solvent thereby leaving a porous
network. Depending on drying conditions, sol-gefivkl products can be termed xerogels or
aerogels. Drying by evaporation under normal coowlt gives rise to capillary pressure that
causes shrinkage of the gel network resulting nogels. Aerogels are gels that have been dried

under supercritical conditions resulting in higplyrous and extremely low density materials.

12
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Densification

Further drying and heat treatment results in foiromabf dense ceramic or glass particles and

thermal collapse of the open structure. A summadrthe steps involved in the sol-gel process
and the products formed is shown in Figure 1.1.[16]

Xerogel film

Dense film

Xerogel Dense
ceramics

Evaporation @&) Heat
A LLLL) -

Aerogel

Hydrolysis
Polymerization

P
Uniform particles r g
o ' b .'.‘D»Ju
- N 8]
000 .l.?
p- G0 oL
/ > O 00
fone o
© 3|
a0 - 0-0-0/
! IMEME D,
‘\ 2 5 }D{- 27
N (oMo
QOO0

Furnace ;
Sol-Gel Technologies Coramic fibars O
and :

R
Their Products | I

Figure 1.1 The sol-gel process and the varioudymts formed.
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The general properties of materials synthesizedhbysol-gel method are high purity, better
homogeneity, controlled porosity combined with #ility to form large surface area materials
at low temperatures, possibility of preparing matimponent systems with broad ranges of

compositions and good dispersion of minor compangli].

1.3.3 Formation of mesoporous materials by the surfactant-templated sol-gel method

For a standard synthesis of periodic mesoporouanagilica (PMO) materials, non-covalently
bound templates are used, including molecules,asuplecular arrays, polymers [18 — 20] and
colloids [21 — 23]. When dissolved in solution thespecies can template small inorganic
precursors via electrostatic, van der Waals, andrdgen bonding interactions to form

nanostructured materials with tailorable pore shapl sizes.

Surfactant templates consist of bi-functional moles with a hydrophilic head group and a
hydrophobic tail. As a result of their amphiphil@ture, surfactants can self assemble into
supramolecular arrays. These molecules exist a®mers when the solution is dilute, but when
their concentration exceeds a certain minimum ¢ivealled “critical micellar concentration”,

cmc) the monomers organize spontaneously, formggegates of colloidal dimensions, the

micelles.

The formation of micelles in aqueous media is galheiseen as a compromise between the
tendency for the hydrophobic groups to avoid thergetically unfavourable contacts with water
and the desire for the polar parts to maintain actnivith the aqueous environment. Depending
on the size ratio between the hydrophobic chain taedhead group of a surfactant different

superstructures can be formed (Figure 1.2) [24].

14
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Figure 1.2 Supramolecular structures for surfasta(d = sphere, B = cylinder, C = planar
bilayer, D = reverse micelle, E = bicontinuous ghasd F = liposomes).

Since these supramolecular structures are in theymaonic equilibrium they are often called

“phases” and a phase diagram can be constructeéafcn surfactant-solvent system. These
phase diagrams allow prediction of the shape of riieelles that are dependent on the
thermodynamic conditions, involved in the systemdem consideration. For example,

cetyltrimethylammonium bromide (CTAB) in water wifborm spherical micelles above the

critical micellar concentration in which the hydholc head group forms the outer surface and
the hydrophobic tails point towards the centre (Fegl.3) [25].

As the concentration of the surfactant increades,spherical micelles can coalesce to form
cylindrical micelles (cmc2). Further increase oé thurfactant concentration leads to liquid-
crystalline (LC) phases. The rod like micelles aggte and form hexagonal close packed LC
arrays. A further increase of the surfactant cotration can produce cubic bicontinuous LC
phases and can even lead to LC lamellar phasegermthigh concentrations, in some systems,
inverse phases can exist, in which the water isléenthe micelle, with the head group pointing

inwards.

15
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Temperature (*C)
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Figure 1.3. Schematic phase diagram for CTAB irewat

There are two different pathways for the prepamatad mesoporous silica materials: the
synthetic co-assembly mechanism introduced by Vagtual [26] and the nanocasting or true
liquid crystal mechanism introduced by Attard andlt@er [27, 28]. While the co-assembly

method works in a concentration range below the ofrtbe surfactant and the assembly takes

place due to the interaction of the surfactant whth precursor forming a molecule with a bigger

head group, the true liquid crystal mechanism egplmncentrations in which the surfactant

forms LC phases. This process, which is also calltbcasting, therefore leads to a 1:1 replica

of the surfactant phase in the final material as @en shown by X-ray diffraction [27 — 29].

Figure 1.2 shows supramolecular structures forma fusing surfactants. An organic template

16
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is dissolved in the precursor and an organic séjwgsually an alcohol. The concentrations are
set in such a way that the template is one of @sphases. The precursor assembles around the
template due to van der Waals or Coulomb interastidAfter condensation the template is
removed to give the porous solid. The condensasoa two step reaction in which first the
alkoxyl groups of the precursor are hydrolysed ey water in the reaction mixture and then the

silanol group condenses with either an alkoxyl sil@nol group of another precursor (Schemes
1.1-1.3).

The hydrolysis and condensation reactions takeepdadifferent rates depending on the pH of
the solution. At a pH between 2 and 5 the hydrelysi faster leading to the formation of

hydrolyzed monomeric units, which then slowly fosmall particles [30, 31]. At a pH higher

than 5 the condensation is instead favoured, lgathnthe formation of larger condensed
particles, which will slowly grow into a 3D netwofl81 — 33]. The nanocasting process is
usually performed at a pH lower than 5 therefoealieg to monolithic materials, whereas the
co-assembly method is often used at a higher p#irigao powders. However, procedures have

been developed for controlling the morphology @& thaterials in the form of films, fibres and
spheres to name a few.

1.3.4 Advantages and disadvantages of sol-gel processing.

1.3.4.1 Advantages

a) The temperatures required for all reaction stagestdrom densification are low and
frequently close to room temperature. Thus themhegradation of both the material and

any entrapped species is minimised and high panty stoichiometry can be achieved.

17
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b)

d)

f)

9)

h)

Also the low temperatures of sol-gel processes lhhate generally below the
crystallization temperature for oxide materialsoat for the production of unusual

amorphous materials.

Precursors such as metal alkoxides and mixed alkgltides are frequently volatile and

easily purified to very high levels. This furthemtributes to high purity products.

Since organometallic precursors involving differanetals are frequently miscible,

homogeneous controlled doping is easy to achieve.

The chemical conditions are mild. Hydrolysis andhdensation reactions are catalysed
by acids and bases, but extreme pH conditions nesflyebe avoided, by rapid
neutralisation or buffering of the synthesis migtafter hydrolysis.

Highly porous materials and nanocrystalline makerraay be prepared by the sol-gel

process.

By appropriate chemical modification of the precuss control may be achieved over the
rates of hydrolysis and condensation, and ovemiblbarticle size and the pore size,
porosity and pore wall chemistry of the materialsdAby controlling the ageing and

drying conditions, further pore size and mecharst@ngth control may be achieved.

By using organometallic precursors containing payisable organic ligands, materials

may be produced which contain both inorganic amg@uic polymer networks.

Entrapped organic species may serve as templatesdation of pores with controlled
size and shape. Subsequent removal of these speaies “molecular footprints” with

potential applications as catalytic sites.
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1.3.4.2 Disadvantages

a) The precursors are often very expensive and seadii moisture, limiting large scale
production plants to specialised applications sagbptical coatings.

b) The process is also time-consuming, particularlyenghcareful ageing and drying are
required.

c) The problems of dimensional change on densificateamd of shrinkage and stress

cracking on drying, although not insurmountablerefguire careful attention [34].

1.4  Organic-inorganic hybrid materials

Preparation of functionalised mesoporous silicdhwitganic moieties has been a major topic of
research because it offers further possibilitiegddring the physical and chemical properties of
the porous materials. One important way of moddyihe physical and chemical properties of
mesoporous silicates has been the incorporatioorgdnic components, either on the silicate
surface, as part of the silicate wall, or trappeithiw the channels [35, 36]. The organic
functionalization of these solids permits the tgnof the surface properties (hydrophobicity,
hyprophilicity and binding to guest molecules, &dten of surface reactivity, protection of the
surface from attack) and modification of the bulkogerties (e.g. mechanical or optical
properties) of the material [37]. These materiaésaalled hybrid mesoporous materials. Organic
moieties containing hybrid mesoporous silica materfacilitate the chemistry in the channels
and provides new opportunities for controlling teemical, physical, mechanical and dielectric
properties of the materials. Before calcinatiorsolvent extraction, all silica based mesophases

may be regarded as organic-inorganic compositeriakste
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Hybrid materials did not originate in a chemicdldeatory but in nature. A hybrid material is a
material that includes two moieties blended on riidecular scale. Commonly one of these
compounds is inorganic and the other one organitaimre. Many natural materials consist of
inorganic and organic building blocks distributedtbe (macro) molecular or nanoscale level. In
most cases the inorganic part provides mechanicigth and an overall structure to the natural
objects while the organic part delivers bondinguaen the inorganic building blocks and/or the

soft tissue. Typical examples of such materialsoaree or nacre.

15 Periodic mesoporous organosilica materials (PMOs)

Periodic mesoporous organosilicas (PMOs) repreaemtw class of organic-inorganic hybrid
materials suitable for a broad range of applica&idMOs emerged in 1999 [8 - 10] as a new
family of inorganic-organic hybrid materials. In 99 three different research groups were
successful in applying the concept for the synthesiordered pure mesoporous silica phases
through structure directing agents. The presenceumform mesopores in the PMOs
distinguishes them from the traditional inorganigamic hybrid materials [47]. These materials
are synthesized via hydrolysis and subsequent osatien reactions of bridged
organosilsesquioxane precursors of the type (§3RR-Si(OR}, with R™ being hydrolysable
methoxy or ethoxy groups and R being a non-hydatdies organic bridge group in the presence
of cationic, anionic and polymeric surfactants 480]. PMOs have several unique features built
into their structure: high loading of organic cartteinsignificant pore blockage, chemically
reactive sites, homogeneously distributed functiagraups, and the physical and materials
properties can be easily modified by tinkering witte composition of the bridge-bonded
silsequioxane precursor. These PMOs exhibit andisadvantage over other mesoporous silica
materials because there exist a large number dadnargfunctional groups homogeneously
distributed throughout the pore wall of PMOs [5%3]. They therefore have better hydrothermal

and mechanical stabilities [54], favourable surfameysical and chemical properties which are
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promising for potential applications in catalysensor, drug delivery, adsorption separation and
nanocasting [55]. Research on organosilica masersamotivated by applications in materials
science (reverse-phase chromatography columnspradioils, resins), and because the formation

of nanoporous structures can enhance the mateopégies.

To date PMOs have been prepared using variousdatidgganic groups ranging from saturated
groups like methane or ethane groups [8 — 10] satwmated or aromatic groups [56, 57] to very
large  organometallic complexes [58]. Most commonlgetyltrimethylammonium
bromide/chloride (CTAB/CTAC), octadecyltrimethylaromum bromide/chloride
(OTAB/OTAC) or cetylpyridinium bromide (CPB/CPC)eaused as ionic structure-directing
agents. These molecules undergo a self-assembdgggainder specific conditions (temperature,
concentration, solvent etc) into a lyotropic liquidystal phase in the presence of a silica
precursor. The organosilica precursor moleculesbmaimydrolyzed and condensed to form an
ordered organobridged composite material. Afteraesth of the surfactant the hybrid material

reveals accessible pores with uniform sizes (irrdéinge of 2 — 5 nm) and shapes.

PMOs with larger pores ( 6 — 20 nm) can be obtaumdg non-ionic triblock copolymers such
as Pluronic P123 (EGPOEQ), Pluronic F127 (E@Q&PO0EO0s) oOr B50-6600
(EO39BO47EO3g) as structure directing agents (SDAs). These heen known for quite some
time and have been used for the preparation oklaaye silica mesophases such as SBA-15,
SBA-16 or FDU-1. The degree of order of these nmaterstructured by triblock copolymers
could be improved by the addition of inorganic saltich as NaCl to the reaction mixture. The
salts have a specific effect on the interactiorwben the positively charged head group of the
surfactant and the inorganic species. In this vayo et al [59] were able to obtain a highly

ordered large pore (6.4 nm), ethane bridged PM@ 2iit hexagonal symmetrp§mn).
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A number of conditions can be varied: temperatgmcentrations, alkoxyl leaving groups,
templates, catalyst, ageing conditions, templateok&l method and solvent (Fig. 1.4) [60].
Control of pore size and shape, pore connectigityface functionality, hydrophobicity, particle
morphology, channel orientation, framework composit wall thickness, and crystallinity is

possible by adjusting these variables.

Surfactant
Catalyst [ y Temperature

\ =
e %
Concentration «— @QO/

Precursor l Template removal

Ageing conditions

Figure 1.4. Reaction condition variables used ttrod the synthesis of PMOs.

1.6 Nanotubes and related nanostructures

Since their discovery in 1991 [61], carbon nanosubed related nanostructures have attracted
much attention because of their remarkable el@dtnmechanical, and thermal properties. There
are various types of shaped carbon nanostructagethase include spheres, balls, onions, beads,
nanotubes and bamboo nanotubes. These variousdshapestructures have been produced
under a variety of reaction conditions. All of teeshaped nanostructures are of interest in their
own right but the high yield synthesis of “pure” texdals is still to be achieved. The outcome of

making mixtures is that subsequent purificationcpeses are needed to remove impurities but

these procedures can also modify or destroy thenmhof interest.
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Shaped nanostructures can be made by a varietyooégures. Generally the most frequently
applied techniques differ either in the carbon seusr the method used to generate the high
temperatures at which the carbon precursor is atetv¢o the desired nanostructure and these
include numerous variations of the arc discharpge, laser ablation and the chemical vapour
deposition (CVD) processes. Another type of namesiire synthesis method has been
developed in recent years that does not use al@assystem. Rather the reaction to make the
shaped nanostructured materials takes place iosadalicontainer (e.g. autoclave or sealed quartz
tube), at elevated pressures. Typically, in thishm& mesoporous materials containing an
external carbon source are used as starting miatéoiasynthesize the shaped nanostructured

materials.

1.7  Carbon on silica hanocomposites

Silica-based composites such as metal/silica, neet@le/silica, and polymer/silica and silica/
carbon materials are attractive because of thelicap magnetic, thermal, mechanical, and
electric properties. Silica/carbon nanocompositesy e synthesized by carbonization or
pyrolysis of various carbon precursors [59 — 68].addition to their interesting properties,
nanostructured silica/carbon composites are paintiseful as starting points for the simple
and direct preparation of nanoporous silica antharamaterials. This is particularly attractive
for mesoporous carbons given that the conventibaed templating process for their formation

involves several steps [66].

Recently there have been efforts to prepare mesapocarbon via more direct routes by
carbonization of silica organic-inorganic hybrid ngoosites [67] or organosilica/surfactant
mesophases [64] followed by removal of silica. MEsous carbons have also been fabricated

via direct carbonization of organic-organic nanoposites comprising of a thermosetting
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polymer and thermally decomposable surfactant [68The synthesis and application of
mesostructured materials has attracted substamiaést because of their high surface areas and

ordered large pores.
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CHAPTER TWO

LITERATURE REVIEW

2.1  Periodic mesoporous organosilica materials: A review

In the last decade, a lot of interest has beeningot the synthesis of well defined porous
materials, because of their potential applicationsatalysis [1 - 3], separation science [4, 51 an
environmental remediation [6, 7]. Porous materca be classified by size, network forming
material and degree of order. A material will béezhmicroporous if the pores are smaller than
2 nm, macroporous if they are over 50 nm and mesaogofor all the sizes in between. In this
work mesoporous material with a silica frameworkd goeriodic mesoporous organosilica
materials will be considered in more detail. Ondgh&f methods to synthesize these materials is
to use a surfactant-templated sol-gel system, wihva$ reported for the first time by Kresge and
co-workers in 1992 [8], who discovered surfactssdemnbled silica mesostructures.
Unfortunately pure silica materials are not thdeiiesting chemically, and different synthetic

methods have been examined to create materialschatmical functionality.

One way to create functionality is to anchor a fiomal group on the surface of the pores in a
post synthesis procedure. After removal of the atiaint the silica surface usually contains
hydroxyl groups, which can function as chemicaheeing sites for a wide range of organic
molecules with interesting functionality. The digadtages of this approach are that the organic
groups are dangling into the pore void and theesbdock off space and sometimes even clog the
entire pore. Also not every silanol is necessanigdified and this creates a non uniform
distribution of grafted organics. Nevertheless, ramiunctions [9, 10], ephedrine [11, 12], and
organometallic complexes [13] have been introduoéol mesoporous silica materials by this

method.
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Another way to create functionality is to change framework of the silicas by introducing
organic groups in the precursor. This can be dgneding molecules with the formula R-Si-
(OR); in the condensation process [14]. This has beecessfully achieved for R = alkyl, aryl,
thiol, amine side chains as well as metal complexes chiral complexes [14 - 16]. However,
only about 25% of a modified precursor can be usdtlis synthesis approach without causing
collapse of the framework. Another potential disattage of this method is the uneven
distribution of organic groups on the surface qfoae. These problems may be exacerbated by
microphase separation, which leads to some partthefmaterial containing more of the

functional group than the others [17].

As mentioned earlier in the previous chapter, iMMA%hree different research groups
independently introduced organically bridged preots for the synthesis of mesoporous hybrid
organic-inorganic silica compounds [18 - 20]. Theethod enabled materials to be made
exclusively from organic modified precursors, lewdito a uniform distribution of organic
functionality in the solid. These materials haver&belled “periodic mesoporous organosilica”
(PMO) materials. Some of the organic groups coethim PMOs are alkyl bridges (ethane and
methane), double bonds (ethylene, phenylene, beremsth derivatives thereof), and heteroatoms
functionalities (ferrocene, thiophene, 4-phenyleethnd 4-phenyl sulphide) and amines [18 -
23]. The incorporation of organic groups inside thannel walls of silica-based materials leads
to the possibility to fine tune the chemical, plegdiand mechanical properties of the material
through synthetic chemistry. Compared to the othethods described above, the “functional”
groups do not take space in the pores and purenigrgeecursor molecules can be condensed
without compromising the mechanical stability oé thaterial or the short and long range order.

30



Chapter Two Literature Review

2.1.1 Synthesisof PMOs by using structuredirecting agents with ionic surfactants

2.1.1.1 Aliphatic PMOs

The most frequently used ionic structure direciggnts are the bromide and chloride salts of
long — chain alkyltrimethylammonium compounds ahe torresponding salts of long — chain
alkylpyridinium derivatives (hexadecyltrimethylammom bromide/chloride (CTAB/CTAC),
octadecyltrimethylammonium  bromide/chloride  (OTABI®C), hexadecylpyridinium
bromide/chloride (CPB/CPC). Under certain condgigtemperature, concentration, solvent, pH,
etc) and in the presence of organosilica precurdbese surfactants self-assemble to form a
lyotropic liquid crystalline phase. The hydrolysisd condensation reactions of the precursors in
this phase produce the ordered periodic hybrid natevhich after removal of the surfactant

exhibits accessible pores of uniform size and shape

Inagakiet al [19] were able to prepare a new organic-inorgayiarid material by conversion of
1,2-bis(trimethylsilyl)ethane (BTME) under basicnditions in the presence of OTAC as
structure-directing agent (SDA). The symmetry & ffore arrangement depended on the ratios
of the components in the reaction mixture. Matsriaith a 2-dimensional hexagonal (2D hex)
pore arrangement as well as those with 3D hexag(Bial hex) periodicity were obtained.
Nitrogen physisorption measurements revealed speuniier surface areas of 750 (2D hex) and
1170 nfg’ (3D hex). Silicon Magnetic Angle Spinning Nuclédagnetic Resonance (Si MAS
NMR) measurements showed that the Si-C bond wasleated during synthesis [24]. Both
materials decomposed at temperatures aboveé@ORitrogen adsorption measurements showed
a uniform pore size distribution with pore diamstef 3.1 and 2.7 nm for the 2D hex and 3D

hex mesoporous materials respectively. Well defexddrnal morphologies of the materials
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were observed in the scanning electron microscB@M) images. In the 2D hex sample, rodlike

particles predominated and in the 3D hex samplersgd particles were observed.

Ozin and co-workers reported the synthesis of a P contained an unsaturated organic
spacer [18]. They used 1,2-bis(triethoxysilyl)ethes a precursor, which was transformed under
basic conditions in the presence of CTAB as a S®Altain an ethane-bridged PMO material
with a 2D hexagonally ordered pore system (spedificface area gsr = 640 nf/g*, pore
diameter = 3.9 nm). Bromination reactions wereiedrout to test the accessibility to the C = C
bonds incorporated into the silica framework. Elatak analysis showed a degree of
bromination of 10 % relative to the C = C bond eorit

Around the same time, Stein and co-workers [20]liphed the synthesis of an ethene-bridged
PMO material that was obtained under similar coodg and with the same precursor and
surfactant. The material exhibited a very high acefarea of approximately 120Ggn but a

comparably low-range order. Transmission electraraacopic (TEM) investigations suggested
the presence of wormlike rather than strictly dalaPD hexagonally arranged pores with

diameters of 2.2 — 2.4 nm.

An ethane-bridged PMO material with cubic symmé€Ryn3r), the analogous mesoporous pure
silica phase with identical symmetry to SBA-1, vegaithesized for the first time by Guanhal
[25] and Sayarieet al [26]. They both used BTME as organosilica sourtehie presence of
CTAC as SDA in basic media. The crystal like exéémorphology of the particle, determined
by SEM was described as 18 faced, consisting guéres and 12 hexagonals. In a further study,
Sayari and co-workers [27] investigated the infeeof the chain length of the surfactant on the
synthesis of ethane-bridged PMOs whereby the leafithe hydrocarbon chain varied between

10 and 18 carbon atoms. They also compared twerdiit synthetic pathways: in one, the last
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step comprised merely aging at room temperatur@reds the second included hydrothermal
treatment at 95C in an autoclave. They found that the pore diamietzeased with increasing
length of the surfactant used. In contrast, theifipesurface areas followed no clear trend. With,
but one exception, the PMO materials were alwayaiodd with a 2D hexagonal pore system.
The exception was the sample that was synthesiziéd GTAC as SDA and treated

hydrothermally. This sample exhibited a cubic e

2.1.1.2 Aromatic PM Os

Hydrocarbon chains of the organosilica precursans loe at most two carbon atoms long to
produce periodic ordered mesoporous materials [283. organic group must not be too flexible
if pure PMO materials and not disordered hybrid eriats are desired. This requirement is
fulfilled by (hetero) aromatic compounds. Thus, muous attempts have been made to introduce

aromatic bridges into PMOs.

The first synthesis of PMO materials with aromdticlges was reported by Yoshina-Isétial
[29] as early as 1999. They used 1,4-bis(triethidysenzene (BTEB) and 2,5-
bis(triethoxysilyl)thiophene (BTET) as precursansthe presence of CTAB as SDA. Interesting
synthesis in the presence of ammonia led to cleawedghe Si - C bonds, thus almost all the
organic bridges were cleaved in the reaction prtsdabtained. By using mild acidic conditions,
which were realized by the use of hexadecylpyridimichloride as SDA, well ordered products
(pore diameter = 2.0 nm) with a high degree ofcttmal integrity of the organic bridges were

formed. Even under these conditions Si - C bonavelge could not be avoided entirely.
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Temstinet al[30] prepared the aromatic precursors 1,4-bisftoeysilyl)-2-methylbenzene, 1,4-
bis(triethoxysilyl)-2,5-dimethylbenzene and 1,4¢bisthoxysilyl)-2,5-dimethoxybenzene by a
Grignard reaction using the respective brominateshpounds with chlorotriethoxysilane and
were able to use these precursors to obtain PM@rralst They used CPC as SDA under acidic
conditions, neutralized the reaction mixture, ahdnt treated the reactants with ammonium
fluoride, which acted as a catalyst. 2D hexagonadipcts were obtained with pore diameters of
2.3 nm and specific surface areas between 560 &A6 @fg™. Thermogravimetric analysis
showed that the aryl bridges are cleaved from itlea$ramework at temperatures above 360

Several research groups have also produced PMOriatatéhat have periodic, ordered
mesopores and also show crystal-like organizatfahe organic bridges within the pore walls.
The first report of PMOs with crystal-like pore Wgalvas reported by Inaga&t al[31], who like
Yoshina-Ishiiet al [29], used BTEB as a precursor in the presenc®@ PAC as SDA under
basic conditions. The powder X-ray diffraction (XRPpattern of the benzene-bridged PMO
showed reflections that were assigned to the hightiered 2D hexagonal mesophase (p6mm).
The four reflections (10, 20, 30, 40) in the widangle range (B > 10) showed the existence
of a periodicity of 0.76 nm. This crystal like argzation of the organic bridges within the pore
walls was confirmed by high resolution transmisselactron microscopy (HRTEM) images,
which showed numerous lattice fringes along theepaxis and also indicated a separation
distance of 7.6 A. The product (pore diameter =r8r8 Ser = 818 nig?) was thermally stable
up to 500°C. Bionet al [32] also synthesized 1,4-benzene-bridged PMO madgenith crystal-
like pore walls. The pore diameter could be vabetiveen 2.3 and 2.9 nm by variation of the
length of the hydrocarbon chain (C14 to C18) ofttirmethylammonium halide surfactant used.

Another aromatic PMO system that shows both peciodilered mesoporosity and a periodicity
at a molecular level was prepared by Inagaki andwadkers [33], who used 4,4-

bis(triethoxysilyl)biphenyl (BTEBP) as the orgarmsi source in the presence of OTAC under
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basic conditions. The material obtained (pore dianve 3.5 nm, &t = 869 nfg™), showed one
reflection in the low-angle region of the powder XRattern and five additional reflections in
the wide-angle region that can be attributed toyatal — like arrangement of the biphenyl units
within the pore walls. The periodicity of the orgarbridges (1.16 nm) derived from the
diffraction pattern was confirmed by a correspogdseparation of the lattice fringes in the
HRTEM images.

The effect of the precursor on the ordering of itetyethylammonium bromide templated and
acid catalysed benzene silica materials was demadedtby Goletto et al [34]. A 2D hexagonal
phase was formed from 1,3-bis(triethoxysilyl)bergewhereas 1,4-bis(triethoxysilyl) benzene

led to a cubic phase.

2.1.1.3 Periodic mesopor ous aminosilicas (PMAS)

There have been a few attempts to introduce nitr@gataining groups into PMOs. These
include the synthesis of a pyridine-bridged PMO #m&l synthesis of ordered materials with a
fraction of nitrogen containing bis-(trialkoxysijgrganic groups supposedly incorporated in the
silica framework [35]. In the latter cases, thedgimg organic groups include flexible chain
fragments that likely lead to mechanically unstatniganosilicate frameworks. Moreover these

bridging groups are probably too large to be intehamixed with the silica frameworks.

Wahabet al [36] reported a further attempt to prepare bridgetne-functionalized ethane-silica
materials by co-condensation of 1,2-bis(triethoxysthane (BTEE) and bis[(3-
trimethoxysilyl)propyl]-amine (BTMSPA) in the presse of CTAB. Unfortunately, they
obtained poorly ordered materials with a conterBBMSPA in the reaction mixture of up to 18

mol %. A further increase in amine content worsethednesostructure further.  An interesting
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transition of the mesostructure of this system vnitreasing BTMSPA content in the starting
mixture was observed by Frokaal [37] in the co-condensation of BTME and BTMSPAtlre
presence of OTAC. When the ratio of BTME/BTMSPA vamanged from 90: 10 to 55: 45, a
change from a 2D hexagongh6fmn) to a cubic mesophase took place. Higher BTMSPA

concentrations in the reaction mixture led to qudkaof the structure.

Asefa et al [38] prepared periodic mesoporous aminosilica ma#e that contained amine
functional groups in the framework of the mesopsroetwork via thermal ammonolysis of
PMOs under a flow of nitrogen gas. The quantityawiine groups introduced into the materials
was found to depend strongly on the ammonolysigézature. The largest loading of amine
groups was obtained when a well ordered cubic nietleyPMO material without prior vacuum

drying was thermolyzed in ammonia.

2.1.2 Synthesisof PMOsthrough structure direction by non-ionic surfactants

After the initial reports on the synthesis of PM©@snsiderable effort was made to enlarge the
pore diameters of these materials with a view temoal applications in such areas as catalysis,
sorption, and host guest chemistry. The pore diarsedf the PMOs prepared by structure
directing agents with alkyl ammonium surfactantsttffvehain lengths from C12 to C20) were
restricted to the range between 2 and 5 nm. Thmgdtion was finally surmounted by using
different non-ionic triblock copolymers such as B1R127 or B50 — 6600 as SDAs under acidic
conditions. These triblock copolymers had been ysegiously in the synthesis of large-pore
mesoporous pure silica phases such as SBA-15, $Bandl FDU-1. The synthesis proposed to
take place by the’S’I" pathway when non-ionic surfactants in acidic med@aused.
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The first synthesis of large pore PMOs by struaminvith triblock copolymers was reported by
Muth et al [39] in 2001. BTME was used as an organosilicaysor in the presence of P123 as
supramolecular template under acidic conditionsytthesize the corresponding ethane-bridged
silica, which exhibited a 2D hexagonal pore streetanalogous to SBA-15 (pore diameter = 6.5
nm, Ser = 913 nfg™). Burleigh et al [40] used BTME and P123, andriégction mixtures were
treated with various amounts of swelling agent St{fimethylbenzene (TMB). The pore
diameters increased from 6 to 20 nm with increasiogcentrations of TMB, while the pore
structure changed from wormlike motifs to a hexag@mrangement of spherical pores.

The degree of order in these materials structugettiblock copolymers could be improved by
the addition of inorganic salts such as NaCl to réection mixture. The salts have a specific
effect on the interaction between the positivelarged head group of the surfactant and the
inorganic species. Guet al[41] were able to obtain a highly ordered largeep@ore diameter =
6.4 nm), ethane-bridged PMO with 2D hexagonal sytnm@6émmn). More recently Guo et al
[42] have reported that the addition of a large am@f K,SO, to a synthesis mixture containing
BTME and pluronic F127 (EQsPO:0EO,06) under acidic conditions affords a high qualityicu

(Im3m) ethane-silica mesophase with large cavitiesngn8n diameter.

Baoet al[43 - 45] investigated the influence of the raifaan organosilica precursor and P123 in
the reaction mixture in the synthesis of ethanddmil PMOs, as well as the effect of acid
concentration on the degree of structural orderthadexternal morphology of the products. By
optimization of the synthetic conditions, they weabkle to obtain highly ordered materials
without needing to add inorganic salts. In conttasthe corresponding pure silica phases, the
pore properties and the external morphologies efdthane-bridged PMOs were considerably

dependent on the acid concentration in the polyukition.
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Zhu et al [46] reported the synthesis of a large pore ethmaiged silica phase by the true
liquid-crystal templating approach (TLCT). As SDAey used a lyotropic liquid-crystalline
phase formed from the binary P123/water mixturevtach the precursor was added. Using this
approach they obtained well organized monolith 2Ragonal PMO materials (pore diameter =
7.7 nm, Ser = 957 nig?).

Most of the large-pore PMOs that have been repatedsthane-bridged materials, which may
be due to the commercial availability of the respec precursors BTME and BTEE.
Unfortunately the ethane bridge offers few possied for further chemical modification. Only a

few syntheses of large pore PMO materials have bemorted so far.

The first benzene-bridged PMO with large pores wasthesized by Goto and Inagaki [47].
They obtained a well-ordered material with 2D hextsd symmetry (pore diameter = 7.4 nm,
Seer = 1029 mg™t). However, unlike the corresponding benzene —gexddsilicas synthesized
under basic conditions in the presence of alkylamorma surfactants, this material showed no
reflections in the wide — angle region of the pomw®BRD pattern, and thus exhibited no crystal-
like pore walls. Thermogravimetric analysis showedt the material was stable up to 58D
and thus exceeded the thermal stability of the &eebridged silicas prepared with the help of

alkylammonium surfactants by 5G.

An overview of PMO materials that have been syn#ieeksin the presence of ionic and non-ionic
surfactants as structure directing agents is gimehable 2.1. The data includes information on
the precursors, surfactants and pH used in theapmgpn of PMO materials and the types of
mesophases formed. The data in the table onlydasdsiktudies involving precursors used in this

work.
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Table 2.1 Overview of mesoporous silica and PMQisssis in the presence of ionic and non-ionic stafats as structure directing
agents.

Precursor Surfactant pH Mesophase ferBece
Tetraethylorthosilicate CTAB basic 2Bx(MCM-41) [58, 59]
CTAB basic 3D cubic (MCM-48) [589]
Pluronic F127 acidic aubase structure (SBA-16) [60]
Brij 56 acidic cubic (SBA-11) [0
Brij 76 acidic 3D hex (SBA-12) ae
P123 acidic 2D hex (SBA-15) [60]
1,2-Bis(trimethoxysilyl)ethane CPB acidic wormlike [48]
CTAB acidic — basic 2D hex / worndik [20]
P123 acidic 2D hex / wormlike B&5]
F127 acidic cubic [41, 49]
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Precursor Surfactant pH Mesophase ferBece
LGES53 acidic 2D hex [50]
1,2-Bis(trimethoxysilyl)ethane B50-6600 acidic FDU -1 like [51]
Brij 76 acidic 2D hex [26, 554]
Neutral NiGlI/ 2D hex [55]
NH4F
Brij 56 acidic 2D hex [52, 56]
Brij 30 / OTAC basic 2D hex [57]
1, 4-Bis (triethoxysilyl)benzene CPC acid 2D hex [18]
OTAC basic 2D hex cryst [31]
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Precursor Surfactant pH Mesophase ereete
Gs— CgTAB / basic 2D hex cryst [32]
/| TAC
P123 acidic 2D hex [46]
Brij 76 acidic 2D hex [53]
Brij 56 acidic 2D hex [58]

4, 4-bis(triethoxysilyl)-1, 1’-biphenyl OTAC bas 2D hex crystal [33]

Co — condensation of CTAB basic Hexagon [35]

bis[(3-trimethoxysilyl)propyl]-amine

and 1,2-bis(triethoxysilyl)ethane
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2.1.3 Background noteson characterization of PM Os using nitrogen sor ption studies

According to the IUPAC classification, porous selidan be classified into three domains,
depending on their pore size. These are calledomicous — (< 2 nm), mesoporous — (2 — 50
nm), and macroporous (> 50 nm) materials [62, &8s classification can be done by using
nitrogen sorption studies. Adsorption of nitrogen &rgon) on PMO materials is the standard
analytical method to measure the surface area,tdted pore volume and the pore size
distribution [61]. The simplest model for a porauaterial is that of non-intersecting cylindrical
tubes. There are two possible modes of filling/ gmmg of these pores with a liquid like
adsorbate. The first model is “adsorptive fillingt.multilayered film of the liquid is formed on
the wall of the capillary and with increasing thielss of this layer it gradually fills. In the “bulk
filling” model, a thin monolayer is formed, but theadditional adsorbate fills the capillary
completely at one point. The addition of more laj@auses the meniscus to gradually move,

filling the pore.

| UPAC classification of isother ms

Gas adsorption isotherms generally fall into sitegaries (Figure 2.1) [62, 63]. Type | isotherms
are an indication for microporous materials as \aslistrong adsorbent-adsorbate interactions.
However Type | isotherms can also be found in mesmys materials with cylindrical pores,
which have a pore size close to the microporougean

Type Il isotherms are found in many macroporougdspWwhich show a gradual increase in the
amount of adsorbate with relative pressure dueuhilayer formation following the “adsorptive
filling” model. A material showing a Type Il isotira exhibits a pronounced monolayer

formation, whereas in the case of a Type lll isotheo monolayer formation is observed. This
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lack of monolayer formation results from strongefat interactions between the adsorbed

molecules compared to weak adsorbent surface flatsdanteractions [64].

Type IV and Type V isotherms are found in mesopsrotaterials. At low pressures the
materials show isotherms similar to macroporousenwds, but at higher pressures the amount
adsorbed rises steeply due to capillary condensatiache pores (“bulk filling” model). The
difference between Type IV and Type V isothermthes same as between Type Il and Type |l
isotherms. The capillary condensation and evaporasire usually taking place at different
pressures giving rise to the formation of a hysierdoop. If capillary condensation —
evaporation in the mesopores is reversible, theisa@herm of Type IV occurs. This is often the

case for materials with a pore diameter close ¢éariicropore range.

v v Vi

Specific amount adsorbed n

Relative pressure p/p°

Figure 2.1 IUPAC classification of gas adsorptisotiherms
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Adsorption hysteresis

The origin of the hysteresis loop in mesoporousenmls is usually attributed to thermodynamic
and/or network effects [62, 65 - 68]. The hysterdsiops can be classified into four types
(Figure 2.2) [63] depending on their shape, whichelated to the form of pores in the material.
Type H1 loops are found for cylindrical pores watlmigh degree of uniformity, [64, 69] whereas
type H2 shapes can come from ink — bottle shaped @87]. Slit-like pores show a type H3
hysteresis loop and a type H4 loop is observediesopores, which are embedded in a matrix of
smaller pores [70, 71]. Some porous materials sitgxw a low pressure, nonclosing hysteresis
loop, which arises when the adsorbent is swollend@iormed by the adsorbate or when
reversible or irreversible chemisorptions takes@lia the material.
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Amount aodsorbed ———»

Relgtiwve pressarg —

Figure 2.2 IUPAC classification of adsorption-dggmmn hysteresis loops

The specific surface area, pore volume and pore digtribution can be calculated by the
Brunauer, Emmet, and Teller (BET) method [62, 63, B]. The BET method is based on the
monolayer capacity, which is found by fitting thasgadsorption data to the BET equation. The
BET equation reduces to a Langmuir equation indtea of low relative pressures of 0.05 —

0.35. The specific surface aregB&T), is obtained from the equation
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As (BET) = rfinXLxam

where L is Avogadro’s number®nis the monolayer capacity (defined as the amoftirih®
adsorbate required to form a complete monolayethersurface of unit mass of the adsorbate),
an is the molecular cross-sectional area (i.e. therame area occupied by the adsorbate
molecule). For nitrogen,aN,) = 0.162 nmat 77K.

Pore size. The traditional method for analyzing pore sizstribbutions (PSDs) in the mesopore
range is the Barrett-Joyner-Halenda (BJH) methd@] yvhich is based on the Kelvin equation
[15] and, thus has a thermodynamic origin. In thiHBmethod, the derived mesopore size
distribution is usually expressed in the graphfoamn AVp / Arp versusrp (or d,) (whereVpis

the mesopore volume ang is the pore radius for cylindrical pores, angdisl the width for
parallel sided slits). The mesopore pore volumeassumed to be completely filled at high
relative pressure. The derived pore size distrputs dependent on whether the adsorption or
desorption branch of the hysteresis loop is useddmputation.

The total pore volume of a material is calculated from the amount adsdriat a relative

pressure close to the saturation vapor pressuis.igldone by converting the amount adsorbed
into the corresponding volume of liquid adsorbateéh& analysis temperature. In the case of
nitrogen at liquid nitrogen temperature, this casian value is 0.0015468 [74]. It is assumed

that the density of the condensed adsorbate isaime as the one of the bulk liquid.
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2.3  Mesoporous carbon materials: A review

Mesoporous carbon materials are an active areasefirch because of their many applications in
the field of science and technology which includeabents for bulky pollutants, catalysis and
energy storage [75 - 77]. These mesoporous carkaierials have a large surface area, large
pore volume and narrow pore size distribution. Temeral synthesis procedure for ordered
mesoporous carbons using mesoporous silica tersptatitlined as:

(a) preparation of the mesoporous silica as the hanglege,

(b) introduction of the carbon source into the chanm&ismesoporous silica through
impregnation or chemical vapour deposition (CVD),

(c) carbonization of the hybrid sample to gain a carbsifica hanocomposite, and

(d) removal of the silica template [78].

Various forms of mesoporous silicas and alumincesd] including MCM-48, SBA-15, HMS,
MSU-H, SBA-12, SBA-16, and mesocellular silica feanmhave been used as sacrificial
templates for the preparation of mesoporous carpths 83]. Two techniques, i.e. liquid phase
impregnation [79, 83] and chemical vapour depasi(iGVD) [84] have been well established
for the infiltration of carbon precursors, and maaybon precursors such as sucrose, glucose,
xylose, furfuryl alcohol, mesophase pitch, acenlapie and benzene have been demonstrated to
be suitable for preparing mesoporous carbon méd€i@®]. For liquid impregnation, catalysts
such as sulphuric acid, aluminium, etc were reguite ensure the polymerization and

carbonization of carbon precursors.

The pore channel system of mesoporous carbons uallysinversely replicated from the
inorganic templates, and in general the carboranrehe particle morphology of the template
[79 — 83, 86, 87]. Therefore to prepare mesopocauson materials with particular porosity
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and/or morphology, it is necessary to control #adural properties and particle morphology of

the inorganic templates [86, 87].

Ryooet al [79, 80] reported the first synthesis of a newetyyh mesoscopically ordered carbon
molecular sieve CMK-1 and CMK-3 (cubic and hexadarapectively) by carbonizing sucrose
inside the pores of the cubic MCM-48 and hexag@®BA-15 mesostructured silica materials.
CMK-1 had two pore size distributions one centrethie nanoporous region with pores ranging
from 0.5 to 0.8 nm and one centred in the mesooregion with pores near 3.0 nm. Yu and
co-workers [88] synthesized mesoporous carbon ussngynthesized MCM-48 silica/surfactant
composite as a template. This mesoporous carbomgvay, was not synthesized only by
converting the organic template directly into tlerbonaceous material. Rather an additional
carbon precursor, poly(divinyloenzene) was syn#eghiinside the empty space of the

silica/surfactant composite prior to the carbontaraprocess.

Sayari and co-workers [89] reported the direct prappon of wormhole like large sized
microporous carbon through the carbonization afieascyclodextrin — template nanocomposite.
The carbon material produced was a disordered walemnh like microporous material. The
synthesis of mesoporous carbon by a one step vajeposition polymerization process using
colloidal silica particles as templates and polybmritrile as a carbon precursor was reported by
Jang and co-workers [90]. Krugk al [91] studied MCM-48 silica as a template for mesopis
carbons by synthesizing a variety of MCM-48 sampaled impregnating them with sucrose in
the presence of sulphuric acid. In order to proadm®mmparison, they also impregnated MCM-41
with sucrose and MCM-48 with polyfurfuryl alcohdror the impregnation of polyfurfuryl
alcohol to take place it was necessary to conuest gure silica MCM-48 sample into an
aluminosilicate via a post synthetic aluminosilecatethod [92]. They found that the templating
of MCM-41 and MCM-48 showed that after the remasasilica template, CMK-1 retained long
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range order mesoporosity. Upon removal of the MCIMe&mplate, the resulting carbon lost all

long range order and become completely nanoporous.

Saadallalet al [93] synthesized new ordered carbon materialsgugitth and mesoporous silica
materials as the carbon precursor and templatpectgely. The new ordered carbon materials
were prepared by first impregnating MCM-48 and SBAwith pitch then carbonizing them.
This was followed by removal of the silica by atidatment. They found out that by using pitch
as a carbon precursor, a graphitizable carbon rahteith ordered porosity could be obtained.
The carbon materials obtained were found to berthiy stable up to 140, the material was
thermally stable and porosity was preserved. Tdnadiimpregnation of the pitch showed several
advantages compared to that of sucrose. In paatical lower unit cell contraction during the

carbonization step was noted.

Katok et al [94] studied the pyrolytic decomposition of acety over the surfaces of nickel,
cobalt and iron containing mesoporous MCM-41 sdicBhey developed two efficient methods
of synthesizing carbon nanostructures. The two austh were a) chemisorption of
acetylacetonates onto MCM-41 silica at 1%5) followed by reduction of the supported metal
acetylacetonates with hydrogen at 480and subsequent treatment with acetylene af@5and

b) direct treatment of the supported metal acegtatates with acetylene at 78D. Both routes,
depending on metal conditions, led to carbon déjposieither in the form of nanotubes
(diameter, 14 — 84 nm) or carbon fibres (diame@ér—~ 111 nm). Longer pyrolysis times using
acetylene, increased the yield of amorphous caplaoticles. It was observed that in the absence
of a catalyst on the mesoporous silica matricely, low yields (up to 2 %) of carbon nanotubes

were obtained.
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Li et al [95] prepared ordered mesoporous carbons with bigface areas using SBA-15 as a
template at different carbonization temperaturesri€ acetylacetonate was first dissolved in
ethanol and mixed with the SBA-15 powder and drigte dried powders of SBA-15 were then
carbonized at different temperatures under a str@faanl:1 mixture of argon and hydrogen gas.
The silica/carbon nanocomposite obtained was wastigd 20 % HF solution. The carbon
materials they obtained replicated the structufe3BA-15 template and the growth was limited
within the pores. The structure and the degreeystallinity of the ordered mesoporous carbons
(OMCs) depended strongly on the growth temperatssghe temperature increased from 650 to
850°C, the pore volume, surface area and average am@8OMCs were enhanced from 0.87
to 1.54 cmig™, 826 to 1236 fiy™ and 4.2 to 4.9 nm respectively. Extensive work hesn done
on the synthesis of mesoporous carbon materiats fn@soporous silica templates mostly by the
route proposed by Kirat al [78].

24  Carbon/slica nanocomposites: A review

Mesoporous silica is the most commonly used startimaterial or hard template for the
nanocasting of mesoporous carbon and other naresius mesoporous materials. Nanoporous
silicas may also be used to fabricate silica basmdposite materials such as metal/silica or
metal alkoxide/silica, polymer/silica and carboli¢ai [96]. Silica/carbon composites are
particularly versatile materials that find many gibte uses for example electrochemical devices
[97], and as solar absorbers [98]. Silica/carbommosites may be prepared via a lot of methods
including sol-gel techniques followed by carboniaat [99], pyrolysis of suitable carbon
precursors in a porous silica matrix [100] or caikation of organosilica/surfactant mesophases
[101].
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A further possibility for the transformation of PMGnto other mesoporous materials has been
described by Panet al[101]. By heating mesostructured benzene-briddd® Rvith crystal like
pore walls for 4 hours at 90C in a stream of nitrogen, they obtained mesopocauison/silica
nanocomposite materials with pore walls uniformdystructed from molecular carbon and silica
units. During the carbonization process, the staf#ccontained within the mesostructured
starting material was decomposed. The benzene unitse pore walls were transformed into
carbon. Thermogravimetric analysis showed thatctr®on in the composite originated almost
exclusively from the aromatic units of the PMO amat from the surfactant. The order of the
mesostructure in the end product was essentiabyned after the carbonization, but crystal-like
regions were only partially present in the porelsvalhe mesostructure following thermal
treatment was contracted, as was evidenced by da#duction in the XRD d spacing value
(from 4.8 to 4.0 nm) and in the pore size (from @©%.0 nm). Polarz and his co-workers [98]
reported the synthesis of porous silica-carbon idyhaterials from the direct carbonization of
silica/cyclodextrin nanocomposite and showed tlragplication as selective solar absorber

materials.

Yang et al [102] reported on the direct preparation of mesops silica/carbon composites,
mesoporous silica and nanostructured carbon amch sshrbide materials from mesoporous
ethyl-bridged organosilica/surfactant mesophasesll Vérdered mesoporous silica/carbon
composites with surface area of 828grhand pore volume of 0.4 cgi' were obtained via
pyrolysis of organosilica mesophases under argow fat between 800 — 9508C. The
mesoporous silica/carbon composites, mesoporoisa seihd mesoporous carbon materials

retained the particle morphology of the organoaihtesophases.

Pinnavaiaet al reported the formation of carbon nanotubes byitinearbonization of a micellar
non-ionic surfactant (Pluronic P123) under a flofvndrogen [103]. Urbaret al synthesized

multiwalled carbon nanotubes by graphitization ®kgnthesized mesoporous silicas templated
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by cetyltrimethylammonium bromide [104]. They emy#d a non-catalytic, templating process
wherein the surfactant of a micelle-templated ailwas transformed directly into carbon

nanotubes on the walls of the silica template.

From the review on carbon/silica nanocompositesaiit be seen that some work has been done
on mesoporous carbon/silica composites. Howevert noghors used either liquid phase
impregnation or the CVD technique for the infilicet of carbon precursors. Their inert
atmosphere was created by the use of inert gasewlagre some used sealed quartz tubes, they
would have first impregnated a carbon source iht template. In this study carbon/silica
nanocomposites were prepared by directly carbogittie organosilica/surfactant phases in an
evacuated closed system created by sealing theriaiaten quartz tubes under vacuum. No
carbon precursor was impregnated in the pore waflghe nanoporous materials before
carbonization. To the best of our knowledge, thitlve the first report on the direct preparation
of silica on carbon nanocomposite materials withiows nanostructures (spheres, beads,
bamboo-shaped multiwalled nanotubes and multiwalkabtubes) from mesoporous silica and

PMOs under vacuum.
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Chapter Three Experimental

CHAPTER THREE

EXPERIMENTAL

3.1 Brief introduction

This chapter covers the synthesis of periodic mess organosilica materials and carbon on

silica nanocomposite materials. The characteonagchniques will also be described.

The PMOs were synthesized via hydrolysis and sulesggcondensation reactions of bridged
organosilsesquioxane precursors in the presencgumfamolecular aggregates of long chain
surfactants as illustrated in Fig. 3.1. An ionisture directing agent cetyltrimethylammonium

bromide (CTAB) and a non ionic triblock copolymetZ3 structure directing agent were used.
Figure 3.1 also shows formation of mesoporous cagiaa composites and mesoporous carbon

composites from as-synthesized and extracted pemoesoporous organobridged silica.

Carbon on silica nanocomposites in this work araiaokbd from PMO mesophases via pyrolysis
under an inert atmosphere at 800 — 1800 These were synthesized through a simple direct

synthetic method of as synthesized silica/surfagtanocomposites.
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Organosilica precursor + P123 + NaCl + H»,0

Sol-gel condensatign

Surfactant <
Organosilica-{=-- |

NS . ‘},% N
Y

As-synthesized PMO  Carbonisilica ™ _Nanoporous

E—

Surfactant composﬂe Carbon
Removal
T o
SIS &d\
Q&

Solvent extracted PMO

Figure 3.1 Schematic showing the formation of astsysized and extracted periodic

mesoporous organo-bridged silica, carbon/silicapmusites and mesoporous carbons.

3.2 Reagents and chemicals

The organically bridged silica sources and stmgctdirecting agents (Table 3.1) were all
purchased from Sigma Aldrich. The deionised waner ethanol (gHsOH, 99.5 %, Merck) were

used as co-solvents. Fuming hydrochloric acid (FRB2%, Promark Chemicals) was used as a
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catalyst and for removal of surfactant. Aqueous amm (NH,OH, 33 %, Riedel-de-Haen) was
used as a catalyst. Sodium chloride (NaCl, Assedi&@hemical Enterprises) was used as an
additive under low acid concentrations. Hydroflgaacid (HF, 40 %) and nitric acid (HNOB5

%) were purchased from Merck Chemicals. All cheisiezere used as received without further
purification
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Table 3.1 Structureir@cting agents and organosilica precur
Name Structure
Organically bridged silica sources
Tetra ethyl orthosilicate (TEOS) Si(OGHs),
HaC CH,
o, o/
oo
ch/_ _\CH3
1,2 — Bis(trimethoxysilyl) ethane (BTME) [-CHSI(OCHg)3]2
OCH,
Hzco—cs')iC—Hs/_S:i_OCW
b,  OCth
1, 4 — Bis (triethoxysilyl) benzene (BTEB) GsH4(SI(OGHs)3)2
CHs CH3
HC—, Q Q" /~CHs
O*E‘?\ Sli*O
o] ()
L L,
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Name

Structure

4, 4 — Bis (triethoxysilyl) 4, 1 biphenyl (BTEBF

Bis [3 — trimethoxysilyl) propyl] -amine (BTNSPA)

Structure directing agents

Triblock Copolymer (Pluronic P123)

Cetyltrimethylammonium bromide (CTAB)

[-CeH4Si(OCGHs)3] 2

CHg
(o]

HaC i’f';ojm
[(CHO)sSi(CH)s]2NH>
CI)CH3 Cl)C Ha
H3CO—$iw\ N /\/—SIi—OC Hs
OCH34 H OCH4
EQoPOrEO0

HO(CHCH>0)20(CH2(CH3)CH20)79
(CHCH,0)0H)
CHs(CH,)15N(Br)(CHa)s

CHy 8-

Hac(Hzc)w_[}“‘CHa
CHa
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3.3 Synthesis of periodic mesoporous organosilicaaterials

3.3.1 Mesoporous materials from structure directingagent Pluronic P123

The synthesis of periodic mesoporous organosiliaterals using Pluronic P123 as the structure
directing agent was performed according to the gutace reported by Guo and coworkers [1]

with a few modifications.

3.3.1.1 Synthesis method

Pluronic P123 (1.2 g) and NaCl (3.5 g) were dissolin deionised water (10 g) and 2.0 M HCI
(52 ml) solution with stirring at 48C. To this homogeneous solution was added the osjara
precursor and then the mixture was stirred for @dré at the same temperature. The resulting
mixture was transferred into a round bottomed flaskl refluxed by soxhlet at 8T for an
additional 24 hours with stirring. The final reagtanolar composition of organosilica precursor:
P123: HCI: NaCl: HO used was 0.5: 0.017: 5.07: 5.07: 178. The sotdlycts were collected
by filtration, washed thoroughly with water, and dried at room temperature. This material is
referred to as the as-synthesized material. Thsyihesized materials are designated as AS-TS-
P123, AS-BMS-P123, AS-BS-P123, AS-BPS-P123 and ASRR23. See appendix for notations
used to identify samples. See Table 3.2 for amoointsganosilica precursor used for synthesis

of the as-synthesized and surfactant extractedgiermesoporous organosilica materials.
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3.3.1.2 Surfactant extraction

The surfactant was removed by stirring 1.0 g ofyagthesized sample in 150 ml of ethanol in
3.8 g of 36 % HCI solution at 5T for 6 hours. The resulting solid was recoverediltnation,
washed with ethanol, and dried in air. This extoactprocedure was repeated to remove the
surfactant completely. This material is referredat® the surfactant extracted material. The
surfactant extracted materials are designated afSSE123, SE-BMS-P123, SE-BS-P123, SE-
BPS-P123 and SE-PS-P123. See appendix for notatgatsto identify samples.

Table 3.2 Tabular details of synthesis particulars

Sample Amount of organosilica precursor  Typerghaoosilica precursor used
Used (ml)
AS-TS-P123 2.64 TEOS
SE-TS-P123 2.64 TEOS
AS-BME-P123 2.98 BTME
SE-BME-P123 2.98 BTME
AS-BS-P123 4.69 BTEB
SE-BS-P123 4.69 BTEB
AS-BPS-P123 5.41 BTEBP
SE-BPS-P123 541 BTEB
AS-PS-P123 3.89 BTMSPA
SE-PS-P123 3.89 BTMSPA
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3.3.2 Mesoporous materials from structure directingagent CTAB

The synthesis of periodic mesoporous organosiliGgernals using CTAB as the structure
directing agent was performed according to the gutace reported by Kumar and coworkers [2]

with a few modifications.

3.3.2.1 Synthesis method

CTAB (2.4 g) was dissolved in 50 g of deionized evaflo this was added, 50 ml of technical
grade ethanol and 12 ml of aqueous ammonia. Thdi@olwas stirred for 10 minutes after
which an appropriate amount of organosilica premungas added. The molar composition of the
gel was 1 M organosilica precursor: 12.5 M JIHH: 54 M EtOH: 0.4 M CTAB: 174 M 0.

The solution was then stirred for 2 hours at roemgerature. The resulting mixture was then
transferred into a round bottomed flask and reftlirea soxhlet at 86C for an additional 24
hours with stirring. The resulting solid was recaekeby filtration, washed with deionized water
and air dried in air at room temperature. The adh®sized materials are designated as AS-TS-
CTAB, AS-BMS-CTAB, AS-BS-CTAB and AS-PS-CTAB. Seppendix for notations used to

identify samples.

3.3.2.2 Surfactant extraction

The surfactant was removed by stirring 1.0 g ofy@shesized sample in 150 ml of ethanol in
3.8 g of 36 % HCI solution at 5t for 6 hours. The resulting solid was recoverediltration,
washed with ethanol, and dried in air. This extoactprocedure was repeated to remove the

surfactant completely. This material is referred$ahe surfactant extracted material. The
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surfactant extracted materials are designated a§SSETAB, SE-BMS-CTAB, SE-BS-CTAB
and SE-PS-CTAB. See appendix for notations usédktatify samples.

3.3.3 Synthesis of silica on carbon nanocomposites

Carbonization experiments were performed by heasammples which had been sealed under
vacuum in quartz tubes. An appropriate amountwoie (as-synthesized/surfactant extracted)
was weighed into a quartz tube. The quartz tubesgaked under vacuum. The tube was heated
in an oven from 25C to the required temperatures (700, 800, 900, HdAA00°C) at a heating
rate of 10°C/minute, dwell time of x (5 hours, 1 hour or 30noities). The temperature was then
lowered to 30°C at a heating rate of 1/minute. Samples were heated in a muffle furnace.
Figure 3.2 below shows a picture of the samplesquartz tubes before and after the

carbonization process.

Figure 3.2: Pictures showing samples in quartzdumbite sample before and black sample after
the carbonization process.
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3.4 Characterization

Characterization of samples was performed usindereimt techniques which included
thermogravimetric analysis (TGA), transmission ®&@mt microscopy (TEM), High
magnification transmission electron microscopy (HMTEM) equippedthwEDX, Fourier
transform infrared spectroscopy (FTIR), nitrogaorption, Raman spectroscopy, scanning
electron microscopy (SEM), and scanning X-ray palatctron spectroscopy (SXPS).

3.4.1 Measurements

3.4.1.1 Thermogravimetric analysis (TGA) — Thermal analysis was performed using a
Thermogravimetric analyzer (Perkin ElImer Pyris 1A)Gnstrument. The heating rate was 10
°C/min in both nitrogen and air atmosphere and riasemwere heated from 30 — 100G.

Thermogravimetric analysis was used to probe taenhl stability as well as the hydrophobicity

and hydrophilic character of the hybrid materials.

3.4.1.2 Transmission electron microscopy (TEM)- A JOEL 2010 electron microscope

operated at an acceleration voltage of 80 kV fda dallection. The TEM technique was used to
elucidate the morphology of the carbon-silica nanmgosite materials. To prepare samples for
TEM analysis, a small amount of the material wast fsuspended in absolute alcohol by
sonication in an ultrasonication water bath formibutes. A drop of this suspension was then

placed onto a carbon — coated 200 mesh copperfglimived by drying at room temperature.

3.4.1.3 High magnification Transmission Electron Miroscopy (High magnification TEM)
equipped with EDX — a Philips CM200 electron microscope was useeédord EDX spectra
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and to take images. This technique was used tordate the elemental composition of carbon-
silica nanocomposites. To prepare samples for TBdyais, a small amount of the material was
first suspended in absolute alcohol by sonicativan ultrasonication water bath for 10 minutes.
A drop of this suspension was then placed ontorhoca— coated 200 mesh copper grid,

followed by drying at room temperature.

3.4.1.4 Fourier transform infrared (FTIR) spectrosopy - FTIR measurements were
performed on a Bruker Vector FTIR spectrometerhia tange 4000 — 400 ¢m The FTIR
spectra were recorded at room temperature usingp€Bets, 32 scans were signal averaged.

FTIR was used to confirm the removal of surfactamid the formation of organosilica materials.

3.4.1.5 Nitrogen adsorption/desorption analysis A Micrometrics Tristar Surface Area and
Pore Analyzer was used to measurge &fisorption/desorption isotherms according to the
Brunauer, Emmett and Teller (BET) method at -£@6 The samples were degassed using a
Micrometrics Flow Prep 060 Sample Degas System2at°C for 12 hours prior to nitrogen
adsorption. The BET surface areas were calculadéseédon the adsorption data in the relative
pressure range of 0.001 — 0.20. Pore size disioisitwere determined based on the Barrett-
Joyner-Halender (BJH) adsorption curve. The potames were estimated at a relative pressure
of 0.94, assuming full surface saturation of nigogThis technique was used to determine the
BET surface area, pore volume, pore size distomgtiand nitrogen adsorption - desorption

isotherms.

3.4.1.6 Raman spectroscopy Measurements were made using the micro - Rarttachanent

of a Jobin - Yvon T64000 Raman spectrometer, candig in single spectrograph mode. A
grating with 600 grooves / mm was used to disp#rsespectrum onto a charge couple device
(CCD) detector. The laser spot size on the samplke approximately 1.5 microns in diameter,

and the excitation wavelength was 514.5 nm fromeamyline of an argon ion laser.

71



Chapter Three Experimental

3.4.1.7 Scanning electron microscopy (SEM} Scanning electron microscopy images were
recorded on a JSM 840 Scanning electron microseofbean acceleration voltage of 15 kV.

This technique was used to observe the externapmotwgies of the as synthesized and
surfactant extracted materials. Samples were pedplay depositing solids onto carbon coated

copper grids and sputtering with gold and palladium

3.4.1.8 Scanning X-ray photoelectron spectroscopyElemental composition was determined
using Scanning X-ray photoelectron spectroscopyPS)X The binding energy was recorded on
a Physical electronics quantum 2000 instrumentgusiiKa X-rays at a power of 20 W. The

beam diameter was 100 pum.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.0  Brief introduction — Overview of chapter

The sol-gel process was used for the synthesis-efathesized and surfactant extracted periodic
mesoporous organosilica materials. Five differeflicas sources were used: tetraethyl
orthosilicate (TEOS), 1,2-bis(trimethoxysilyl) etiea (BTME), 1,4-bis(triethoxysilyl)benzene
(BTEB), 4,4-bis (triethoxysilyl)-1,1 biphenyl (BTHB and bis[(3-trimethoxysilyl)propyl]-amine
(BTMSPA). Two structure directing agents were ugabjock copolymer (Pluronic P123) and
cetyltrimethylammonium bromide (CTAB) (Section 3.Uhe chain length of the organic moiety
and the nature of the structure directing agent® waried in order to study their effect on the
morphology, thermal stability and on the surfaceperties (namely surface area, pore volume,
pore size and pore size distribution) of the matersynthesized. The resulting as-synthesized
periodic mesoporous organosilica materials werd ase¢emplates for the synthesis of carbon on
silica nanocomposites using a simple carbonizgbimtess. These samples were characterized
by FTIR, TGA, nitrogen physisorption studies andvbgection 3.4.2).

Carbon on silica nanocomposites were synthesized dwgectly carbonizing the
organosilica/surfactant phases at different tentpera under an inert atmosphere produced by
first sealing the mesoporous silica materials iartputubes under vacuum (Section 3.3.3). The
carbonization process was done in a muffle furnBloecarbon precursor was impregnated in the
pore walls of the mesoporous silica materials lefmarbonization. This resulted in carbon on
silica nanocomposites with various nanostructueeg. (hanotubes, spheres, etc). To the best of
our knowledge, this will be the first report on tl@ect preparation of carbon on silica
nanocomposite materials with various nanostructhedsg produced by this process. Mokaya

al [1] did similar work to this study but there ardéfetences. They obtained their silica/carbon

composites by pyrolysis of ethyl-bridged organcsilsurfactant mesophases under an argon

73



Chapter Four Results and Discussion

flow. Their silica source was BTME and their SDAsVCTAB whereas in this study BTEB,
TEOS and BTMSPA were used as silica sources and@ RE2the SDA. The following

investigations were conducted in this section:

* The effect of carbonization of different hybrid argc-inorganic materials at a constant

temperature.

 The effect of variation of carbonization temperatunf AS-BS-P123 organosilica

materials.
» The effect of variation of carbonization time or ttmorphology of the resulting carbon

on silica nanocomposites produced from AS-PS-P1g&8mmsilica materials.

These samples were characterized by TEM, High rfiagiion TEM, SXPS, TGA, Raman
spectroscopy and nitrogen physisorption studiesti@e 3.4.2). The results will be reported in

the order in which the various studies were done.

4.1 Synthesis of periodic mesoporous organosilicaaterials

4.1.1 As-synthesized and surfactant extracted pemdic mesoporous organosilica materials
synthesized using Pluronic P123 as a structure dicéing agent.

The methodology for the synthesis of the as-syitbdsand surfactant extracted periodic

mesoporous organosilica materials made using ARIP3 as a structure directing agent can

be found in section 3.3.1.1 and 3.3.1.2. For samgtations refer to the table of contents.
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4.1.1.1 Fourier transform infrared (FTIR) spectros@mpy

FTIR spectroscopy was used to detect the presdrmrganic groups in the as - synthesized and
solvent extracted samples (Figures 4.1 - 4.3). a&&eaynthesized and surfactant extracted
samples clearly show absorption bands assigned +oGSstretching vibrations (*) at 695 and
770 cm'. Absorption bands which could be attributed to ttilelock copolymer (#) at 1347,
1381, 1465, 2904 and 2980 ¢roan only be seen in the spectra of all the ashegized samples
indicating that the surfactant is almost completedynoved by solvent extraction. The small
absorption bands at 2903 ¢nof the triblock copolymer Pluronic P123 (#) in therfactant
extracted samples shows that the surfactant isarapletely removed. The AS-BMS-P123 and
SE-BMS-P123 organosilica samples all show absarpiands at 1272 and 1412 ¢mwhich are
characteristic of C — H deformations vibrations. (The AS-BS-P123, SE-BS-P123, AS-BPS-
P123 and SE-BPS-P123 organosilica samples all shedium absorption bands for C — C
stretching vibrations ($) at 1447 and 1598cand weak absorption bands due to C — H
absorption bands (+) at 720 and 812"crithere is an additional weak band at 3025*cm
indicating also a C — H stretch vibration (+) tiradicates the presence of aromatic rings in the
sample. The AS-PS-P123 and SE-PS-P123 samplesatismsption bands at 3375 and 1645 cm
! due to N — H vibrations (//).
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Figure 4.1 FTIR spectra of a) AS-TS-P123 and SH’I33, b) AS-BMS-P123 and SE-BMS-
P123 mesoporous silica materials. (*) modes asdigméi — C stretching vibrations, (#) modes
assigned to C — H stretching and deformation widangt of Pluronic P123 and (*) modes

assigned to C — H deformation vibrations of theré&framework organic groups.
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Figure 4.2 FTIR spectra of a) AS-BS-P123 and SEPR33, b) AS-BPS-P123 and SE-BPS-
P123 mesoporous silica materials. . (*) modes assigo Si — C stretching vibrations, (#) modes

assigned to C — H stretching and deformation vitinatof Pluronic P123, ($) modes assigned to

C — C stretching vibrations of the aromatic ringl ) modes assigned to C — H absorption

bands of the aromatic ring.
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SE-PS-P123

AS-PS-P123

Transmittance (a.u)

T T T T
1000 2000 3000 4000

Wavenumber (cm™)

Figure 4.3 FTIR spectra of AS-PS-P123 and SE-PSRig&soporous silica materials. (*) modes
assigned to Si — C stretching vibrations, (#) maksgned to C — H stretching and deformation
vibrations of Pluronic P123 and (/) modes assigt®edN — H vibrations of the framework

organic groups.

4.1.1.2 Thermogravimetric analysis

Samples were analyzed before and after solvena@idn using thermogravimetric analysis
(TGA). Analysis was conducted from room temperattrel 000°C at a heating rate of 10
°C/min under a nitrogen atmosphere. The TGA cunfeasesynthesized and solvent extracted
organosilica materials are shown in Figure 4.4 pl&xation of the weight losses shown in the
TGA curves is given in Table 4.1. Thermogravimetmalysis was also used to further confirm
the removal of P123 upon solvent extraction ingihactant extracted samples.
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AS-TS-P123 shows a sharp significant weight lossamdroximately 57 % in the temperature
range 203-514C due to surfactant decomposition. SE-TS-P123 shosvaall weight loss in the
temperature range of 25-100 of 12 % due to physisorbed water and ethanol cotés. There
is a small weight loss in the temperature range-4D°C due to surfactant decomposition of

approximately 5 %. This shows that the surfactead nearly completely removed.

The thermogravimetric curve for SE-PS-P123 samge also obtained. It is similar to that of
AS-PS-P123 sample. However evidence that the garfabad been removed partially in this
sample is shown by its FTIR spectrum (Figure 4TBk increase in BET surface area of SE-PS-
P123 sample also shows that some of the surfaetaioh was blocking the pores was removed.
The profiles indicate that the samples are thegnsaéible.
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Figure 4.4 TGA curves of a) AS-TS-P123 and SE-T33b) AS-BMS-P123 and SE-BMS-
P123, c) AS-BS-P123 and SE-BS-P123, d) AS-BPS-RhASSE-BPS-P123 and e) AS-PS-P123

mesoporous silica materials.
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Table 4.1 TGA results of as-synthesized and solggttacted PMOs prepared with Pluronic P123.

Sample Temperature rarfigs ( % Mass loss Source of mass loss

AS-TS-P123 203 -514 57 Surfactant decomposition

SE-TS-P123 25 -100 12 Physisorbed water and ethanol molecules
100 — 400 5 Surfactant degosition

AS-BMS-P123 238 — 438 41 Surfactant decomposition
821 - 1000 7 Matlixcomposition and water from

condensation of internal hydroxyls
SE-BMS-P123 228 — 1000 10 Decomposition of surfactant, mxaand

water from condensation of internal

hydroxyls
AS-BS-P123 20-119 3 Desorptrf water and ethanol molecules
255 — 545 a7 @athnt decomposition
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Sample Temperature rarfigs ( % Mass loss Source of mass loss
545 - 1000 4 Decomposition ofnmaand water from
condensation of internal hydroxyls
SE-BS-P123 317 -590 13 Residual surfactant and benzene framework
decomposition
AS-BPS-P123 38-120 1 Physisorbed water and ethanol molecules
266 — 401 38 Sardat decomposition
527 — 1000 29 Daposition of organic groups in the
fragment of the material
SE-BPS-P123 267 — 1000 13 Decomposition of residual surfactant,
breaking of the aromatic groapsd water
from condensation of interngdiroxyls.
AS-PS-P123 37-104 11 Desorption of water and ethanol molecules
104 — 358 16 Sardat decomposition
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Sample Temperature rarfigs ( % Mass loss Source of mass loss

358 — 560 18 Loss afamic groups of bis(propyl)amine
in framework
560 — 1000 4 Loss of water from condensation of internal

hydroxyls and matrix decompos

83



Chapter Four Results and Discussion

4.1.1.3 Nitrogen sorption studies

The structural properties of the as-synthesizedsan@ctant extracted mesoporous organosilicas
are listed in Table 4.2. Generally all as-synthegigamples have low surface areas. The reason
for the low surface areas is due to the organiagsdilling the pores and reducing the area
available for nitrogen sorption. This therefordicates that the as-synthesized composites are
not porous powders prior to ethanol extraction. the surfactant extracted mesoporous
organosilicas, the surface areas decrease asdheaiomgroup chain length increases. It can be
seen that the size of the organic group has arctetie the surface area of the periodic
mesoporous organosilica materials formed. The serfareas of solvent extracted samples

increase in the order:

SE-TS-P123> SE-BMS-P123 > SE-BS-P123 > SE-BPS-B12B-PS-P123.

From the results of the surface areas of solveinaeted samples, it can be seen that the smaller
the chain length of the organosilica precursor, hiigher the surface area obtained. It can
therefore be concluded that small organic groufiga(e) are more favorable for the synthesis of
PMOs with high surface areas followed by rigid angagroups (benzene and biphenyl) and
lastly flexible organic groups (bis(propyl)amin@he surface areas obtained for SE-TS-P123,
SE-BMS-P123 and SE-PS-P123 are 839.4, 802.3 an@ 8#4 respectively. The surface areas
obtained for SE-BS-P123 and SE-BPS-P123 are 520 B86.2 rfiig respectively.

The pore volumes do not correlate with the increase size of the organosilica
precursor/organotrialkoxysilanes. SE-TS-P123 and-BBES-P123 periodic mesoporous
organosilica materials have pore diameters whieéhrarrow 3.3 and 3.1 nm. The pore size
diameters do not follow any systematic trend ad.Wdle calculated pore diameters for the as-
synthesized and surfactant samples of TEOS, BTMEzéne, biphenyl and bis(propyl)amine all
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are within the range of mesopores. All samples lmartermed mesoporous materials because

their pore sizes lie between within 2 and 50 nm.
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Table 4.2 Structural properties of as-synthesized surfactant extracted periodic mesoporous orgiéass synthesized using
Pluronic P123 as structure directing agent.

Sample Name BET Surface Area  Total Pore Volume r#@ge Pore Diameter BJH Adsorption BJH Datson
(mf/g) (cni/g) (nm) Pore Diameter (nm) Pore Diaméten)
AS-TS-P123 34.0 0.1 10.9 8.3 4.5
SE-TS-P123 839.4 0.7 3.3 4.5 3.9
AS-BMS-P123 19.7 0.1 11.8 10.6 9.7
SE-BMS-P123 802.3 0.6 3.1 5.2 4.7
AS-BS-P123 57.0 0.3 19.3 17.2 13.7
SE-BS-P123 527.1 0.8 6.2 9.0 7.4
AS-BPS-P123 56.6 0.2 171 151 13.7
SE-BPS-P123 386.2 0.7 1.7 8.3 8.0
AS-PS-P123 1.2 0.0 20.7 44.0 44.4
SE-PS-P123 344.3 0.7 8.3 7.8 7.3
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Nitrogen adsorption-desorption isotherms and theesponding BJH pore size distributions
derived from the isotherms for periodic mesoporauganosilica materials using different
organosilica sources and P123 as the structuretidigeagent are shown in Figures 4.5 — 4.9.
The structural properties (BET surface area, paienae and average pore size diameter) of
these materials are listed in Table 4.2. All sudat extracted samples exhibit Type IV
isotherms according to the IUPAC classification,alihis typical of mesoporous materials [2].
The type H3 hysteresis loops obtained for all sthwextracted PMOs synthesized using P123 do
not exhibit any limiting adsorption at high presssrType H3 hysteresis loops are observed with
aggregates of plate-like particles giving rise ti-shaped pores. The AS-TS-P123 sample
exhibits a Type IV isotherm, with a H4 hysteress®d which is attributed to adsorption-
desorption in narrow slit — shaped pores. The ASSBIRL23 sample exhibits Type |l reversible
isotherms that describe the gas adsorption witlora porous or macroporous solid in which
multilayer adsorption involve a strong interactlmetween adsorbate molecules. All the other as-
synthesized materials exhibit Type Il isothermdyick originates from both non porous and
macroporous solids. These isotherms are charaatesfsveak adsorbate-adsorbent interactions.
Type H3 hysteresis loops are observed from AS-BM33R0 AS-PS-P123 materials.

The pore size distribution derived from the adsorpisotherms of AS-TS-P123, SE-TS-P123,
AS-BMS-P123 and AS-PS-P123 materials show one wapare size with maxima at 5.7, 1.4,
6.2 and 1.6 nm respectively. AS-TS-P123 and AS-BRI23 contain mesopores while SE-
TEOS and AS-PS-P123 contains micropores. The poeedsstribution of SE-BMS-P123 shows
two maxima of 1.1 and 7.7 nm, which indicates adaal pore size distribution. The pore size
distribution curves for SE-BS-P123, SE-BPS-P123 &#1PS-P123 organosilica materials
contain both mesopores and macropores. The paalskribution curves for SE-BS-P123, SE-
BPS-P123 and SE-PS-P123 mesoporous materials é8igurb), 4.8b) and 4.9b) respectively)
show many maxima for the pore diameters and theseotl correlate with those in Table 4.2.
This could be due to interparticle absorption i dgglomerates.
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Figure 4.5 Nitrogen adsorption isotherms and theesponding BJH pore size distribution
curves derived from adsorption and desorption &wotis for a) AS-TS-P123 and b) SE-TS-P123

organosilica materials.
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Figure 4.6 Nitrogen adsorption isotherms and theesponding BJH pore size distributions
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Figure 4.8 Nitrogen adsorption isotherms and theesponding BJH pore size distributions
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Figure 4.9 Nitrogen adsorption isotherms and theesponding BJH pore size distributions
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4.1.2 As-synthesized and surfactant extracted pemdic mesoporous organosilica materials
synthesized using CTAB as structure directing agent

The methodology for the synthesis of the as-syimtbdsand surfactant extracted periodic
mesoporous organosilica materials made using CTAS structure directing agent can

be found in section 3.3.2.1 and 3.3.2.2. For samgtations refer to the table of contents.

4.1.2.1 Fourier transform infrared (FTIR) spectrosopy

FTIR spectroscopy was used to detect the preseénaeyanic groups in the as-synthesized and
solvent extracted samples synthesized using CTAB stsucture directing agent (Figures 4.10
and 4.11). The as-synthesized and surfactantaettesamples clearly show absorption bands
assigned to Si — C stretching vibrations (*) at #86>. Absorption bands which could be
attributed to CTAB (#) at 1096, 1230, 2846 and 2680 can only be seen in the spectra of all
the as-synthesized samples indicating that thestarit has been removed by solvent extraction.
The AS-BMS-CTAB and SE-BMS-CTAB organosilica sangpthow absorption bands at 1272
and 1412 cif which are characteristic of C — H deformationgailons (*). The AS-BS-CTAB
and SE-BS-CTAB organosilica samples show mediunorplisn bands of C — C stretching
vibrations ($) at 1407 and 1499 ¢mand strong absorption bands of C — H stretchid@(#79
and 804 crit. There is an additional weak band at 3025'@tso indicating a C — H stretch
vibration (+). These bands indicate the presencarafatic rings in the sample. The AS-PS-
CTAB and SE-PS-CTAB samples show an absorption laarib49 crit due to a N — H bend

(.
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Figure 4.10 FTIR spectra of a) AS-TS-CTAB and SEQBAB and b) AS-BMS-CTAB and
SE-BMS-CTAB mesoporous silica materials. (*) modssigned to Si — C stretching vibrations,
(#) modes assigned to C — H stretching and defaomatibrations of CTAB and () modes

assigned to C — H deformations vibrations of tletework organic group.
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Figure 4.11 FTIR spectra of a) AS-BS-CTAB and SE®BAB and b) AS-PS-CTAB and SE-

PS-CTAB mesoporous silica materials. (*) modesgmesi to Si — C stretching vibrations, (#)
modes assigned to C — H stretching and deformaitmations of CTAB, ($) modes assigned to
C — C stretching vibrations of the aromatic ring) fnodes assigned to C — H stretching

vibrations of the aromatic ring and (//) modes @ssd to N — H bend vibrations.
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4.1.2.2 Thermogravimetric analysis

Samples were analysed before and after solvenaatdn using thermogravimetric analysis
(TGA). Analysis was conducted from room temperatiord 000°C at a heating rate of 1T/
minute under a nitrogen atmosphere. The TGA cuo¥es-synthesized and surfactant extracted

samples are shown in Figure 4.12.

AS-TS-CTAB shows a small weight loss in the tempeerange of 54-132C of 5 % due to the
desorption of water and ethanol molecules. Therea isharp significant weight loss of
approximately 33 % in the temperature range 132°298ue to surfactant decomposition. SE-
TS-CTAB shows a small weight loss in the tempemtiange of 67-558C of 8 % due to

physisorbed water and ethanol molecules and rdssdui@ctant decomposition.

AS-BS-CTAB shows a sharp weight loss of approxihyaf®% at 30°C which is due to an

instrumental error. The thermogravimetric curve $&-PS-CTAB sample (not shown) was also
obtained. It was not shown because it is similathet of AS-PS-CTAB sample, but however
evidence that the surfactant was removed partialtiis sample is shown by FTIR spectroscopy
and the increase in BET surface area of SE-PS-C$&fple which shows that some of the

surfactant which blocked the pores was removed.
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Figure 4.12 TGA curves of a) AS-TS-CTAB and SE-TBAB, b) AS-BMS-CTAB and SE-
BMS-CTAB, c) AS-BS-CTAB and SE-BS-CTAB, d) AS-PS-BB mesoporous silica

materials.
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Table 4.3 TGA results of as synthesized and solerinacted PMOs prepared with CTAB as SDA.

Sample Temperature rang@)( % Mass loss Source of mass loss

AS-TS-CTAB 54 - 132 5 Desorption of aradnd ethanol molecules
132 - 292 33 Surfactant decomposition

SE-TS-CTAB 67 — 558 8 Desorptidnvater and ethanol molecules,

residual surfactant decomposition

AS-BMS-CTAB 31-127 4 Desorption of water
127 - 264 13 Surfactant decomposition
264 — 668 6 Matrix decomposition and water from

condensation of internal hydroxyls

SE-BMS-CTAB 52 - 652 9 Decompiositof matrix and residual
surfactant
AS-BS-CTAB 168 — 265 6 Surfactant decompaisit
265-714 5 Matrix decomposition and wétem

condensation of internal hydroxyls
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Sample Temperature rang€) % Mass loss Source of mass loss
SE-BS-CTAB 37 -102 5 Desorption of wated athanol molecules
102 — 498 4 Surfactant decomposition
498 — 750 10 Residual surfactant decomposarahwater
from condensation of internal hydroxyls
AS-PS-CTAB 164 — 291 9 Surfactant decompmsit
291 -571 25

Loss of organic groups of bis(ghamine
in the framework, loss of water from
condensation of internal hydroxyls and

matrix decomposition
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4.1.2.3 Nitrogen sorption studies

The structural properties (BET surface area, potarme and average pore diameter) of the as-
synthesized and solvent extracted mesoporous ralatemie shown in Table 4.4. The BJH pore
diameters derived from adsorption and desorptiothesms are also listed in Table 4.4. All as-
synthesized samples have low surface areas whepatethto those of the respective surfactant
extracted samples. This is due to the organic gragoupying a significant amount of space in
the interior of the pores and hence less aread#adle for nitrogen sorption. In the surfactant
extracted samples the BET surface areas decreade ahain length of the organic groups
increases. SE-TS-CTAB, SE-BMS-CTAB and SE-PS-CTAaBehsurface areas of 947.4, 901.1
and 331.6 rfig respectively. TEOS has no organic groups, BTM& two CH chains and
Propylamine has six GHthains attached to a Nigroup making it very flexible, hence as given
the lower BET surface area. However SE-BS-CTAB mesaus material was an exception, it
had the largest BET surface area of 928°&m

The pore volumes increase as the chain lengthasesefrom AS-TS-CTAB < AS-BMS-CTAB

< AS-BS-CTAB. However an exception is AS-PS-CTABiethhas the lowest pore volume. The
surfactant extracted samples have larger pore weduoompared to the corresponding as-
synthesized materials. AS-TS-CTAB, AS-BMS-CTAB, BS-CTAB and AS-PS-CTAB have
total pore volumes of 0.16, 0.18, 0.52 and 0.04/gmespectively.
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Table 4.4 Structural properties of as-synthesizedl surfactant extracted PMOs synthesized using CBAE structure directing
agent.

Sample Name BET Surface Area  Total Pore Volume ré@dge Pore Diameter BJH Adsorption BJHdDesoN
(mf/g) (cni/g) (nm) Pore Diameter (nm) Pore Diaméten)

AS-TS-CTAB 37.6 0.2 17.1 18.6 .19

SE-TS-CTAB 947.4 0.9 3.8 3.3 3 3.

AS-BMS-CTAB 120.1 0.2 6.0 6.0 5.7

SE-BMS-CTAB 901.1 0.6 2.7 3.5 3.5

AS-PS-CTAB 21.7 0.0 7.3 5.5 5.9

SE-PS-CTAB 331.6 0.2 2.9 3.2 3.2

AS-BS-CTAB 76.3 0.5 27.0 27.8 7

SE-BS-CTAB 928.6 1.8 7.8 18.9 8.4
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Nitrogen adsorption-desorption isotherms and BJke mize distribution curves derived from
adsorption or desorption isotherms of as-synthdsiaed surfactant extracted organosilica
materials are shown in Figures 4.13 — 4.16. Alivent extracted samples exhibit Type IV
isotherms which are characteristic of mesoporoutemnads, except for SE-BS-CTAB material
which exhibits Type | isotherm which is charactéci®f materials with cylindrical pores, and
have pore sizes in the microporous range [2]. ThE Bore size distribution of SE-BS-CTAB
further confirms that the sample contains microporth maxima of 1.85 nm. The following
types of Hysteresis loops were observed: Type H3AS-TS-CTAB, AS-BS-CTAB, SE-BS-
CTAB and AS-PS-CTAB (aggregates of plate like gdes giving rise to slit — shaped pores)
and Type H4 for SE-TS-CTAB, AS-BMS-CTAB, SE-BMS-CBAand SE-PS-CTAB (narrow
slit — like pores). AS-TS-CTAB, AS-BS-CTAB and ASFCTAB exhibit Type | isotherms

which are characteristic of microporous materials.

The pore size distribution derived from the adsorptisotherms of AS-TS-CTAB, SE-TS-
CTAB, SE-PS-CTAB and AS-PS-CTAB show one narrowepsize with maxima at 107.2, 4.9,
2.2 and 2.2 nm respectively. AS-TS-CTAB containgrmpores. SE-TS-CTAB, AS-PS-CTAB
and SE-PS-CTAB contain mesopores while AS-BS-CTABtains a mixture of mesopores and
micropores. The pore size distribution curve of B#S-CTAB shows one maxima of 3.6 nm,
indicating that the sample contains mesopores. plne size distribution curves for AS-BMS-
CTAB also contains mesopores and macropores. The $pe distribution curves for AS-TS-
CTAB, AS-BMS-CTAB, AS-BS-CTAB and SE-BS-CTAB mesapas materials (Figures
4.15a, 4.14a, 4.17a and 4.17b respectively) showwmaafor the pore diameters and these do not
correlate with those in Table 4.4. This could bee div interparticle absorption in the

agglomerates.
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4.1.3 Summary of results

FTIR spectroscopy and thermogravimetric analysigfioa the formation of organosilica
materials and show that the surfactants Pluronig3Pdnd CTAB were removed by solvent
extraction. The use of the surfactant Pluronic Pa2fluced periodic mesoporous organosilica
materials which had surface areas which followsgstematic trend. It was seen that the size of
the organic group had an effect on the surface atd#ained on the periodic mesoporous
organosilica materials produced. From the resuftshe surface areas of solvent extracted
samples, it was observed that the smaller the clemigth of the organosilica precursor, the
higher the surface area obtained. It can thereb@reconcluded that small organic groups
(ethane) are more favorable for synthesizing PM@k high surface areas followed by rigid
organic groups (benzene and biphenyl) and lasélyille organic groups (bis(propyl)amine).
The surface areas obtained for SE-TS-P123, SE-BME3-RAand SE-PS-P123 are 839.4, 802.3
and 344.3 iflg respectively. The surface areas of SE-BS-P12833H-BPS-P123 were 527.1
and 386.2 ifig respectively.

The use of the surfactant CTAB yielded periodic opesous organosilica materials which
followed a systematic trend, with the exceptionS#E-BS-CTAB. In the surfactant extracted
samples the BET surface areas decrease as thelehgih of the organic groups increased. SE-
TS-CTAB, SE-BMS-CTAB and SE-PS-CTAB have surfaceaarof 947.4, 901.1 and 331.6
m?/g respectively. TEOS has no organic groups, BTM&s htwo CH chains and
bis(propyl)amine has six GHchains attached to a NHyroup making it very flexible hence
yielding the lower BET surface area. However SEBBAB mesoporous material was an
exception, it had the largest BET surface area28t®nf/g. It is evident from BET that the
surfactant extracted materials are porous butttinetsral periodicity must have been confirmed
by low angle XRD. Low angle XRD was not done fol tle surfactant extracted periodic

mesoporous organosilica samples formed due to quede resources.
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Figure 4.17 Graph showing the correlation betwe&T Burface and the chain length of the

organosilane.

From Figure 4.17, it is shown clearly that the acef areas increase as the chain length of the
organosilane is decreased for periodic mesoporogenosilanes synthesized using P123 as the
structure directing agent. PMOs synthesized uslagpRic P123 as the structure directing agent
have lower surface areas than those obtained GSidB. No PMOs were formed in this study
using 4,4-Bis (triethoxysilyl)-1,1 biphenyl as tlweganosilica precursor and CTAB as the
structure directing agent although there was om¢hggized in literature. SE-TS-P123 and SE-
TS-CTAB had the highest surface areas followed EBMS-P123 and SE-BMS-CTAB.
However SE-BS-CTAB had a higher surface area thaB®8S-CTAB. This was higher than
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what was anticipated. It shows that 1,4-Bis (tredysilyl) benzene forms PMOs with better
structural properties when CTAB as the structuredting agent is used. It can therefore be
concluded that CTAB is a better structure directaggnt for synthesizing PMOs with better

structural properties than CTAB.

4.2  Synthesis of carbon on silica nanocomposite neaials

4.2.1 Investigation of the effect of carbonizatiorof different organic — inorganic hybrid

materials at a constant temperature.

Three types of as-synthesized mesoporous silicarrakst were used for this investigation. They
each contained different silica sources (TEOS, B8 BTMSPA) and were made with the
same structure directing agent P123. The as-symdtesamples were sealed under vacuum and
carbonized at 1000C for 5 hours. The effect of using the differenlicai sources was
investigated. Refer to section 3.3.3 for methodplagd table of contents for notations of

symbols.

4.2.1.1 Transmission electron microscopy

Representative TEM images of AS-T-CS 10006 h, AS-B-CS 1000C/5 h and AS-P-CS 1000
°C/5 h samples are shown in Figures 4.18 — 4.20. Tiiktes of AS-T-CS 1008C/5 h have
confirmed that nearly all of the carbon on sili@natubes formed are bamboo shaped with no
straight carbon nanotubes. The bamboo nanotubesdrgohg shapes. These were produced in
the absence of nitrogen. AS-P-CS 10015 h produced multiwalled carbon on silica naneib

with very thick internal diameters of between 16070 nm, carbon spheres with average
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diameters of 400 nm and amorphous carbon mat&&P-CS 1000C/5 h surprisingly did not

produce bamboo shaped nanostructures even thoaghtéined nitrogen atoms. This might

have been caused by the amount of nitrogen cointetite sample being insufficient for the
production of the bamboo structure. TEM investigatiof AS-B-CS 1000°C/5 h samples
revealed the presence of carbon on silica nanotailmesg the various amorphous carbonaceous
materials. The carbon on silica nanotubes obtafoedAS-B-CS 1000°C/5 h had very thin
internal diameters and were long compared to tlok tarbon on silica nanotubes obtained for
AS-P-CS 1006C/5 h.

AS-T-CS 1000°C/5 h

Figure 4.18 Transmission electron microscopy imagesS-T-CS 1000C/5 h samples.
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250 nm

.

AS-B-CS 1000C/5 h

Figure 4.19 Transmission electron microscopy imagesS-B-CS 1000C/5 h samples.

111



Chapter Four Results and Discussion

100nm

AS-P-CS 1006C/5 h

Figure 4.20 Transmission electron microscopy imagesS-P-CS 1000C/5 h samples.

4.2.1.2 High magnification TEM

High magnification TEM and corresponding EDX Spaaif AS-P-CS 1000C/5 h are shown in
Figure 4.21. These were taken to observe the el@neontent of the tubes and spheres. The
tubes and spheres constitute of mainly carborgaosiland oxygen, the copper peaks appearing
are of the copper grid used to mount the sampleialk observed that if the product was not
washed sufficiently with water, large amounts ofON&ere obtained in the product as shown in
the EDX spectra in Figure 4.21. The presence dfaaand silica was also confirmed by Raman

spectra and TGA analysis done under air atmosphere.
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Figure 4.21 khh magnificationTEM images and corresponding EDX spectriAS-P-CS 1000

°C/5 h carbon on silicaanocomposite sam.

4.2.1.3 Raman spectroscopy

Raman spectroscopy was used elucidate whether the carbon containing proc were
amorphous or graphiti@he Rama spectra of AS-T-CS 100/5 h, AS-BCS 100C°C/5 h and
AS-P-CS 1000°C/5 h samples are shown in Figure 4. The spectrum of all samples ha
strong band around 13471359 cn! (D-band) which is attributed to thgesence of amorpho
carbon [3]. Anotler band was also observed in the samples whickd/émm 1595— 1604 crit
(G-Band) which is related to the symmetriyg intralayer mode of graphite ]. However this

band was rather broad in all samples, indicatitoyadegree of graphitization unde applied
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synthetic conditions of the samples. ThAd ratios of AS-T-CS 1000C/5 h, AS-B-CS 1000
°C/5 h and AS-P-CS 100C/5 h samples are 0.81, 1.87 and 0.96 (Table %) disorder of the

samples does not follow any systematic trend.

Table 4.5 D- and G-band positions apfld ratios of carbon on silica nanocomposites produced

by carbonization of different organic-inorganic hgbmaterials at constant temperature and

time.

Sample Name D-band G-band o/lcIRatio
position (ci) position (crit)

AS-T-CS 1000°C/5 h 1359 1603 0.81

AS-B-CS 1000C/5 h 1353 1597 1.87

AS-P-CS 1006C/5 h 1359 1595 6.9
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AS-P-CS 1000 °C/5 h
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Figure 4.22 Raman spectra of a) AS-T-CS 180 h, b) AS-B-CS 10068C/5 h and c) AS-P-
CS 1000°C/5 h samples.
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4.2.1.4 Thermogravimetric analysis

Figure 4.23 shows the TGA graphs of AS-T-CS 180® h, AS-B-CS 1006C/5 h and AS-P-
CS 1000°C/5 h samples. Analysis was conducted from roonpegature to 900 C at a heating
rate of 10°C/min under an air atmosphere. The TGA graph ofPASS 1000°C/5 h sample
shows a sharp significant weight loss between 4480°C of approximately 25% which is due
to the oxidation of carbon in oxygen atmosphereréhs another weight loss from 719 — 820

of approximately 9% which might be due to somehaf $iQ decomposition. The residual SIO
content is approximately 63 %. AS-B-CS 10@5 h shows a sharp loss from 650 — 7@6of
approximately 25 % due to the oxidation of carbooxygen atmosphere. Residual Stdntent

in this sample is approximately 75 %. AS-T-CS 1005 h shows a sharp weight loss between
581 and 659C of approximately 13 % due to the oxidation ofboar in oxygen. Residual SO
content is approximately 87 %. The mass lossexaded with product decomposition of AS-T-
CS 1000°C/5 h, AS-B-CS 1006C/5 h and AS-P-CS 100TC/5 h are 581, 650 and 416
respectively. It can be concluded that AS-B-CS 18 h sample is the most thermally stable,
followed by AS-T-CS 1000C/5 h and lastly AS-P-CS 100G/5 h. Also, the thermal stability of
the as-synthesized mesoporous phases is greatgnesdh after they have undergoing the

carbonization process.
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Figure 4.23 TGA curves of a) AS-T-CS 105 h, b) AS-P-CS 100%C/5 h and c)

AS-B-CS 1000°C/5 h samples.

4.2.1.5 Summary of results

AS-T-CS 1000°C/5 h produced carbon on silica bamboo nanotubés werying shapes and
some amorphous material. The sample is thermallesiup to 58£C in an air atmosphere. The
presence of silica in the material was confirmed T&yA. AS-P-CS 1000°C/5 h produced
carbon on silica nanotubes with very thick interd@meters of between 160 — 170 nm, carbon
spheres with average diameters of 400 nm and araosptarbon. The sample is thermally stable
up to 416°C in an air atmosphere. EDX confirmed the pres@ficiicon, carbon and oxygen in
the various nanostructures obtained for this san##eB-CS 1000°C/5 h produced carbon on
silica nanotubes with varying small internal diaemstand amorphous carbon material. The
sample was the most thermally stable of the thratenals up to 656C in an air atmosphere.

Raman spectroscopy revealed that all samples lawd degree of graphitization and are
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therefore amorphous. Thg/lis ratios of AS-T-CS 1008C/5 h, AS-B-CS 1000C/5 h and AS-P-
CS 1000°C/5 h samples are 0.81, 1.87 and 0.96 (Table #H%).disorder of the samples does
not follow any systematic trend.

4.2.2 Effect of carbonization temperature on propeies of AS-B-CS y°C/5 h (where y =
700, 800, 900, 1000 or 116C) composites.

As-synthesized benzene-bridged silica samples wseated under vacuum in quartz tubes and
the samples were heated at temperatures of 700,9800 1000 and 110%C for 5 hours. The
effect of varying the carbonization temperature wasestigated. The samples were
characterized by TEM, TGA, nitrogen physisorptiondascanning x-ray photoelectron
spectroscopy. Refer to section 3.3.3 for methodolagd table of contents for notations of

symbols.

4.2.2.1 Transmission electron microscopy

TEM images of as-synthesized benzene organosilictenals pyrolysed at different
temperatures under vacuum are shown in Figure Z&4le 4.6 summarizes data obtained from
TEM micrographs of the products obtained after ingatis-synthesized benzene samples at

different temperatures.
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Table 4.6 Morphologies of carbon on silica nanocosite materials produced after

carbonization of as-synthesized benzene-bridgedhsbmples at different temperatures.

Sample Morphology
AS-B-CS 700°C/5 h Amorphous material
AS-B-CS 800°C/5 h Spheres were starting to form but wety distinct and some

amorphous material

AS-B-CS 900°C/5 h Very distinct spheres and some amorphousriaht
AS-B-CS 1000C/5 h Nanotubes, spheres, beads and some amonpladeisal
AS-B-CS 1100C/5 h Spheres and some amorphous material
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Figure 4.24 Representative TEM images of a) AS-B7A08°C/5 h, b) AS-B-CS 800C/5 h, c)
AS-B-CS 900°C/5 h, d) AS-B-CS 1006C/5 h and e) AS-B-CS 110C/5 h carbon on silica

nanocomposite samples.
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4.2.2.2 Raman spectroscopy

Raman spectroscopy was used to elucidate whethdsorgaation of the AS-Benzene
organosilica samples at different temperatures evoebult in amorphous or graphitic carbon
containing nanocomposite materials. Raman spet#&a3-CS 700°C/5 h, AS-B-CS 800C/5
hrs), AS-B-CS 900C/5 h, AS-B-CS 1006C/5 h and AS-B-CS 110C/5 h are shown in Figure
4.25. The spectra of all samples had strong baraisid 1347 — 1359 cm(D-band) which are
attributed to the presence of amorphous carbonA8pther band was also observed in the
samples which varied from 1595 — 1604 tiG-Band) which is related to the symmetrigsE
intralayer mode of graphite [3]. This band was eathroad in all samples, indicating a low
degree of graphitization under the applied synthetinditions used to make the samples.
Generally, the D-band to G-band ratio is used w@luate the defects in carbon materials. The
Io/l ratios (Table 4.7) suggest that, as the carbanizaemperature increased, the degree of
disorder also increased. Indeed, the products 0fBAS?123 samples produced with
carbonization temperatures of 700, 800, 900 and ?G0gave rise todIg ratios of 0.81, 1.07,
1.32 and 1.53 respectively. There was however gedse in theplls ratio of AS-B-CS 1100
°C/5 h sample of 1.33 and this could be due to aghan the morphology of the structures.
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Table 4.7 D- and G-band positions agfld ratios of AS-BS-P123 samples heated at different

temperatures.

Sample Name D-band G-Band o/lclRatio
Position (ct) Position (crf)

AS-B-CS 700°C/5 h 1328 1597 0.81

AS-B-CS 800°C/5 h 1336 1597 1.07

AS-B-CS 900°C/5 h 1343 1603 2.3

AS-B-CS 1000°C/5 h 1350 1597 1.53

AS-B-CS 1100°C/5 h 1350 1589 1.33
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Figure 4.25 Raman spectra of a) AS-B-CS 70 h, b) AS-B-CS 800C/5 h, ¢) AS-B-CS 900
°C/5 h, d) AS-B-CS 1008C/5 h and e) AS- B-CS 110€/5 h carbon on silica nanocomposites

samples.

4.2.2.3 Thermogravimetric analysis

Thermogravimetric weight changes were recordedritoaevaluate the thermal stability of the

carbon on silica nanocomposite materials produdeer deating AS-BS-P123 at different

temperatures under vacuum for 5 hours (Figure 4% temperature at which the major loss

changes occurred of the carbon on silica nanocoiggogroduced increased as the

carbonization temperature increased from 700 to 1000°C. At 1100 °C carbonization

temperature, the temperature at which the majerdbanges occurred decreased. The AS-B-CS
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700°C/5 h, AS-B-CS 800C/5 h, AS-B-CS 906C/5 h, AS-B-CS 1006C/5 h and AS- B-CS
1100°C/5 h show major weight loss changes at 635, 788, 776 and 612C respectively in an
air atmosphere. Significant weight losses corredpanto the oxidation of the carbon occurred
between 480 — 78%C for the carbon on silica nanocomposite samplas. darbon contents for
AS-B-CS 700°C/5 h, AS-B-CS 800C/5 h, AS-B-CS 900C/5 h, AS-B-CS 1006C/5 h and
AS- B-CS 1100C/5 h are 17.5, 14.87, 15.4, 17.7 and 17.8 % ré¢ispéc The carbon content of
AS-B-CS 1000°C /5 h is lower than that of composites reported.byand co-workers [4], who
using BTEB as an organosilica precursor observdd.8% weight carbon content. Lu and co-
workers synthesized their mesoporous carbon sileamposite by carbonizing the
benzene/silica/surfactant hybrid powder in a nim@tmosphere using the CVD method at 900
°C for 4 hours. Residual S)Qvas the remaining component in all materials aftédation of
carbon and it ranged between 73 and 79 %. Derwatlots (Figure 4.27) clearly show that as
carbonization temperature increases, peak mininfatshhigher decomposition temperatures,

indicating higher thermal stability of the compesit
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Figure 4.26 TGA curves of a) AS-B-CS 780/5 h, b) AS-B-CS 806C/5 h, c) AS-B-CS 900
°C/5 h, d) AS-B-CS 1008C/5 h and e) AS-B-CS 110T/5 h carbon on silica nanocomposites
samples.
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A: AS-B-CS 700 °C/5h
B: AS-B-CS 800 °C/5h
C: AS-B-CS 900°C/5h
D: AS-B-CS 1100 °C/5h
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Figure 4.27 Derivative TGA curves of a) AS-B-CS 7005 h, b) AS-B-CS 800C/5 h, c) AS-
B-CS 900°C/5 h and d) AS-B-CS 110/5 h carbon on silica nanocomposite samples.

4.2.2.4 Nitrogen sorption studies

The textural properties of the carbon on silica atmmposites produced after heating
mesoporous phenyl-bridged organosilica/surfactaesaphases at different temperatures are
summarised in Table 4.8. The low surface areaspamd volumes are perhaps due to pore
blockage as described below. A possible explandborthe apparent lack of mesoporosity for
all samples is that the carbonization efficiencgashigh at temperatures from 700 to 1£G0
that rapid formation of carbon deposit blocks sarhéhe mesopores. The formation of carbon
on silica nanocomposites relies on the decompasitioirn off) of the surfactant molecules (to
generate pore channels) and the conversion ofdheeme organic groups to carbon generating a
silica/carbon framework. At these high pyrolysisiperatures (700, 800, 900, 1000 and 1100
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°C) the carbonization may convert the surfactanteudes directly to carbon which blocks the

pores rather than being burnt off.
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Table 4.8 Textural properties of carbon on sili@acomposites produced using as-synthesized bebrielged organosilica

materials heated at different carbonization tentpees.

Sample Name BET Surface Area Total Polivie  Average Pore Diameter BJH Adsorption BJH Desorption
(nf/g) (cm/g) (nm) Pore Diameter oréDiameter
(nm) (nm)
AS-B-CS 700°C/5 h 5.2 0.0 25.8 69.9 68.2
AS-B-CS 800°C/5 h 17.3 0.1 28.9 41.0 19.0
AS-B-CS 900°C/5h 41.2 0.2 17.6 171 14.4
AS-B-CS 1000C/5h 7.8 0.0 221 23.4 20.0
AS-B-CS 1100C/5h  29.9 0.1 19.2 17.9 13.0
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4.2.2.5 Scanning X-ray photoelectron spectroscopy

XPS was used to discern the chemical state of ih@éuped carbon on the silica nanostructures.
AS-B-CS 1000°C/5 h was analysed using XPS. XPS results confirthedpresence of carbon,

oxygen and silicon in atomic concentrations (%P351 and 13.1% respectively.

4.2.2.6 Summary of results

AS-BS-P123 samples heated at different carbonizagmperatures produced different carbon
on silica nanostructures which included spheres amashotubes. Amorphous material
(approximately 60%) was also produced. The presehaicon and carbon in the carbon on
silica nanocomposites produced was further confirimethe use of XPS (AS-B-CS 1080/5 h
sample). Raman data showed that as the carbomizmioperature is increased, the degree of
disorder of the materials also increased. The teatype at which major loss changes occurred
due to the oxidation of carbon increased as thleocézation temperature increased up to 1000
°C. Low surface areas and pore volumes were obtaioedll mesoporous phenyl-bridged
organosilica/surfactant mesophases heated atefitféemperatures. This may be due to the high
carbonization efficiency at temperatures from 7000 1100°C that there is rapid formation of
carbon deposits which blocks some of the mesop#éies.at these high pyrolysis temperatures,
the carbonization may be so fast that the surfactasiecules are directly converted to carbon

which blocks the pores rather than being burnt off.
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4.2.3 The effect of variation of carbonization timeon the morphology of carbon on silica

nanocomposites formed from AS-PS-P123 organosilicaaterials

The effect of variation of carbonization time wasestigated. AS-PS-P123 mesoporous silica
samples were sealed under vacuum and heated to°CO@X0different carbonization times of 30
minutes, 1 hour and 5 hours in a muffle furnaces @tiect of carbonization time on the resulting
carbon on silica nanocomposites produced was igpatetl. Refer to section 3.3.3 for

methodology and table of contents for notationsywofibols.

4.2.3.1 Transmission electron microscopy

Serpet al [5] classified structures produced by carbon atiogyto their size into fullerenes,C
carbon onions (2 — 20 nm, with closed graphitedaj@, carbon spheres (50 nm to 1 um) [7,8]
and carbon beads (above 1 um) [9]. TEM images hadcorresponding diameter distribution
graphs of AS-P-CS 100C/0.5 h, AS-P-CS 100C/1 h and AS-P-CS 100@/5 h are shown in
Figures 4.30 — 4.32.

AS-P-CS 1000C/0.5 h mesoporous silica samples produced carbosilica beads. The size
distribution of the particles was determined by TEk&mination of 76 particles. The diameters
of the carbon beads ranged from 0.8 to 3.2 um haeddiameters of most carbon beads were
from 1.8 — 2.0 and 1.2 — 1.4 um. (see from Figu8y¥ The TEM images indicate the carbon
beads appear to be of perfect spheres.
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Figure 4.28 TEM images of AS-P-CS 10W0.5 h and the corresponding diameter distribution
graph of carbon on silica beads.
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The size distribution of the particles of AS-P-C80Q °C/1 h was determined by TEM
examination of 96 particles. The diameters of tadban beads ranged from 1.2 to 4.6 um and
the diameters of most carbon beads were from 2.§ gm. (see from Figure 4.29). Only carbon
on silica beads and amorphous material were obderve
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Figure 4.29 TEM images of AS-P-CS 1081 h and the corresponding diameter distribution
graph of carbon on silica beads.
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AS-P-CS 1000°C/5 h samples showed different morphologies of @arbn silica nanotubes,

spheres, beads and amorphous carbon material i@ amas (Figure 4.30). The diameters of the
carbon nanotubes ranged from 225 — 275 nm, the ek diameters vary between 75 — 100
nm, the middle wall thickness varies from 25 — hb3. The size distribution of the sphere and

bead particles was not obtained because their yiaklvery low (approximately 5 %).

1pum

1.25 um

Figure 4.30 TEM images of AS-P-CS 10WD5 h samples.
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4.2.3.2 Thermogravimetric analysis

The thermal stability of AS-P-CS 100Q/5 h, AS-P-CS 1008C/1 h and AS-P-CS 100iC/0.5

h carbon on silica nanocomposite samples was igatstt by TGA (Figure 4.31). The
temperature at which major loss changes occurned @ oxidation of carbon) of the carbon on
silica nanocomposites produced increased as thmmaation time was increasing from 0.5
hours to 5 hours. The major loss changes of AS-PHO® °C/5 h, AS-P-CS 1000C/1 h and
AS-P-CS 10060C/0.5 h occurred at 557, 561 and 5Z2respectively in an air atmosphere.

100- AS-P-CS 1000 °C/5 h
AS-P-CS 1000 °C/1 h

80

Weight (%)

AS-P-CS 1000 °C/0.5 h

60 T T T T T T T T T T 1
0 200 400 600 800 1000

Temperature (°C)

Figure 4.31 TGA curves of a) AS-P-CS 105 h, b) AS-P-CS 100%C/1 h and c) AS-P-CS

1000°C/0.5 h carbon on silica nanocomposites samples.
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4.2.3.3 Raman spectroscopy

Raman spectroscopy was used to ascertain whethefatimtion of carbonization time had any
effect on the quality of the carbon on silica nanadures produced. Figure 4.32 shows the
Raman spectra of the AS-P-CS 105 h, AS-P-CS 1008C/1 h and AS-P-CS 100/0.5 h
carbon on silica nanocomposite samples. Two siganti peaks lying at about 1355 and 1600
cm* correspond to the D-band and G-band respectiidig. D-band is explained by defects,
dislocations and lattice distortions in the carlvontaining structures. The G-band is attributed
to the ordered graphite structure [10]. In the AS® 1000°C/0.5 h carbon on silica sample
there is a peak at around 3000 twhich is an overtone. The/lg ratios of AS-P-CS 1008C/5

h, AS-P-CS 1006C/1 h and AS-P-CS 100C/0.5 h are 0.96, 0.82 and 0.65 respectively (Table
4.9). From the table it can be seen that as thieoo@ation time is increased, the degree of

disorder of the carbon on silica nanostructurescinses.

Table 4.9 D- and G-band positions apfld ratios of carbon on silica nanocomposites produced
by the carbonization of AS-PS-P123 samples atrdiffetimes.

Sample Name D-band G-Band o/lclRatio
Position (ct) Position (crf)

AS-P-CS 1000C/5 h 1357 1596 0.96

AS-P-CS 1000C/1 h 1359 1600 0.82

AS-P-CS 1000C/0.5 h 1359 1595 0.65
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Figure 4.32 Raman spectra of a) AS-P-CS 116 h, b) AS-P-CS 100C/1 h and c) AS-P-CS

1000°C/0.5 h carbon on silica nanocomposite samples.
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4.2.3.4 Summary of the results

Table 4.10 shows the summary of TEM results obthofeAS-P-CS 1006C/x h (wherex = 0.5,

1 and 5 hrs) carbon on silica nanocomposite samplesn the TEM results it can be seen that
longer pyrolysis times vyields various shaped carloonsilica nanocomposites and shorter
pyrolysis times yields only amorphous material d®hds. AS-P-CS 100fC/5 h produced
carbon on silica nanocomposites of nanotubes, sphbeads and amorphous material. Both AS-
P-CS 1000°C/1 h and AS-P-CS 1008C/0.5 h carbon on silica nanocomposites produced
amorphous material and beads. Most carbon on $iteals of AS-P-CS 100€/1 h and AS-P-
CS 1000°C/0.5 h had sizes which ranged from 1.8 — 2.4 a@d-12.0 um respectively. Shorter
pyrolysis times of 0.5 h produced carbon on sibeads with smaller diameters which ranged
from 1.2 — 2.0 um and pyrolysis times of 1 h pralcarbon on silica beads with larger
diameters of 1.8 — 2.4 um. The Raman data showsdaththe carbonization time is increased,
the degree of disorder in the carbon on silica namposites also increases. This result is in
agreement with Katokt al [11] who saw that longer pyrolysis times (morentiahour) yielded
more of amorphous material. The thermal stabilifytlee carbon on silica nanocomposite

samples decreased as the carbonization time wassased.
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Table 4.10 Summary of TEM results obtained of A&®-1000°C/x h (wherex = 5, 1 and 0.5

hrs) carbon on silica nanocomposite samples.

Sample

AS-P-CS 1006C/5 h

AS-P-CS 1006C/1 h

AS-P-CS 1006C/0.5 h

Morphology Diameter distribution Peak range
of product (um) pung)
Amorphous material, 0.2-0.3
nanotubes, spheres (nanotubes)
and beads
Amorphous material 1.2-46 18-24
and beads
Amorphous material 0.8-3.2 1.2-2.0

and beads
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CHAPTER FIVE

CONCLUSION

The surfactant-templated sol-gel method was usesimthesize as-synthesized and surfactant
extracted periodic mesoporous organosilica materfalve different silica sources were used:
tetraethylorthosilicate (TEQOS), 1,2-bis(trimethokyi¥ethane (BTME), 1,4-
bis(triethoxysilyl)benzene (BTEB), 4,4-bis (triettysilyl)-1,1 biphenyl (BTEBP) and bis|[(3-
trimethoxysilyl)propyl]-amine (BTMSPA). Two struagil directing agents were used, triblock
copolymer (Pluronic P123) and cetyltrimethylammaonibromide (CTAB). The chain length of
the organic moiety and the nature of the structiirecting agents were varied in order to study
their effect on the morphology, thermal stabilitydaon the surface properties (namely surface

area, pore volume, pore size and pore size disinijuof the materials synthesized.

Carbon on silica nanocomposites were synthesized dwgectly carbonizing the
organosilica/surfactant phases at different tentpega under an inert atmosphere produced by
first sealing the mesoporous silica materials iartpi tubes under vacuum. This resulted in
carbon on silica nanocomposites with various nanogires (e.g. nanotubes, spheres, beads,
etc). The effect of carbonization time, carbonmatitemperature, and the nature of the
silica/organosilica precursor on the morphologyapdpitic/amorphous nature, thermal stability,

and textural properties of carbon on silica nangoosites produced was investigated.

FTIR spectroscopy and thermogravimetric analysigfioa the formation of organosilica
materials and show that the surfactants Pluronig3Pdnd CTAB were removed by solvent
extraction. Solvent extraction yielded materialshvwhigh surface areas, high pore volumes and
pore sizes in the mesopores region. The pore $mresolvent extracted samples synthesized
using Pluronic P123 and CTAB as SDAs were in ramgfe8.1 — 8.3 nm and 2.7 — 7.8 nm

respectively. All surfactant extracted samplesisgsized using Pluronic P123 as a SDA exhibit

142



Chapter Five Conclusion

Type IV isotherms which is typical of mesoporoustenals. All surfactant extracted samples
synthesized using CTAB as a SDA exhibit Type IMlwwms except for SE-BS-CTAB material
which exhibits Type | isotherm which is charactecief materials with cylindrical pores.

The use of the surfactant Pluronic P123 producetbglie mesoporous organosilica materials
which had surface areas which followed a systenta¢icd. It was seen that the size of the
organic group had an effect on the surface aresirgdat on the periodic mesoporous organosilica
materials produced. From the results of the surtaeas of solvent extracted samples, it was
observed that the smaller the chain length of tlgamosilica precursor, the higher the surface
area obtained. It can therefore be concluded $hall organic groups (ethane) are more
favorable for synthesizing PMOs with high surfaceaa followed by rigid organic groups
(benzene and biphenyl) and lastly flexible orgagmaups (bis(propyl)amine). The surface areas
obtained for SE-TS-P123, SE-BMS-P123 and SE-PS-Rit23839.4, 802.3 and 344.3/m
respectively. The surface areas of SE-BS-P123 &n@RSS-P123 were 527.1 and 386.2/gn
respectively.

The use of the surfactant CTAB yielded periodic opesous organosilica materials which
followed a systematic trend, with the exceptionSE-BS-CTAB. In the surfactant extracted
samples the BET surface areas decrease as thelehgih of the organic groups increased. SE-
TS-CTAB, SE-BMS-CTAB and SE-PS-CTAB have surfaceaarof 947.4, 901.1 and 331.6
m?/g respectively. TEOS has no organic groups, BTM&s hwo CH chains and
bis(propyl)amine has six GHchains attached to a NHyroup making it very flexible hence
yielding the lower BET surface area. However SEBBAB mesoporous material was an
exception, it had the largest BET surface area2&® nf/g. It is evident from BET that the
materials are porous but the structural periodigityst have been confirmed by low angle XRD.
Low angle XRD was not done for all the surfactaxtracted periodic mesoporous organosilica

samples formed due to inadequate resources.
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the surface areas increase as the chain lengtheobitganosilane is decreased for periodic
mesoporous organosilanes synthesized using P12@ asructure directing agent (Figure 4.19).
PMOs synthesized using Pluronic P123 as the steictivecting agent have lower surface areas
than those obtained using CTAB. No PMOs were formedthis study using 4,4-Bis
(triethoxysilyl)-1,1 biphenyl as the organosiliceepursor and CTAB as the structure directing
agent although there was one synthesized in literaSE-TS-P123 and SE-TS-CTAB had the
highest surface areas followed by SE-BMS-P123 d&8dBBIS-CTAB. However SE-BS-CTAB
had a higher surface area than SE-BMS-CTAB. This nigher than what was anticipated. It
shows that 1,4-Bis (triethoxysilyl) benzene formd®s with better structural properties when
CTAB as the structure directing agent is used.ah therefore be concluded that CTAB is a
better structure directing agent for synthesizilg(a3 with better structural properties than
CTAB.

The carbonization of as-synthesized and surfactatracted mesoporous materials in quartz
tubes under an inert atmosphere using resulted idivarse range of carbon on silica
nanostructures. AS-T-CS 1000/5 h produced carbon on silica bamboo nanotubtswaiying
shapes and some amorphous material. The samphernsally stable up to 58%C in an air
atmosphere. The presence of silica in the mateaal confirmed by TGA. AS-P-CS 1000/5 h
produced carbon on silica nanotubes with very thitkrnal diameters of between 160 — 170
nm, carbon spheres with average diameters of 40@mnamorphous carbon. The sample is
thermally stable up to 41% in an air atmosphere. EDX confirmed the presafaidica, carbon
and oxygen in the various nanostructures obtaimedtis sample. AS-B-CS 100%C/5 h
produced carbon on silica nanotubes with varyinglsnmternal diameters and amorphous
carbon material. The sample was the most thernstdlyle of the three materials up to 880in
an air atmosphere. Raman spectroscopy revealed alhadamples had a low degree of
graphitization and are therefore amorphous. Fig ratios of AS-T-CS 1008C/5 h, AS-B-CS
1000°C/5 h and AS-P-CS 100/5 h samples are 0.81, 1.87 and 0.96 (Table #t® .disorder

of the samples does not follow any systematic trend
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AS-BS-P123 samples heated at different carbonizagmperatures produced different carbon
on silica nanostructures which included spheres amashotubes. Amorphous material
(approximately 60%) was also produced. The presehaicon and carbon in the carbon on
silica nanocomposites produced was further confirimethe use of XPS (AS-B-CS 1080/5 h
sample). Raman data showed that as the carbomizmioperature is increased, the degree of
disorder of the materials also increased. The teatype at which major loss changes occurred
due to the oxidation of carbon increased as théocezation temperature increased up to
1000C. Low surface areas and pore volumes were obtafoedall mesoporous phenyl-
bridgedorganosilica/surfactant mesophases heatdiffertent temperatures. This may be due to
the high carbonization efficiency at temperatunesnf 700°C to 1100°C that there is rapid
formation of carbon deposits which blocks somehef mesopores. Also at these high pyrolysis
temperatures, the carbonization may be so fast tiatsurfactant molecules are directly

converted to carbon which blocks the pores ratiem being burnt off.

AS-PS-P123 materials were heated to 18DMut the pyrolysis times were varied. From the
TEM results it was seen that longer pyrolysis tinyesds various shaped carbon on silica
nanocomposites and shorter pyrolysis times yiefdg amorphous material and beads. AS-P-CS
1000 °C/5 h produced carbon on silica nanocomposites asfotubes, spheres, beads and
amorphous material. Both AS-P-CS 10@'1 h and AS-P-CS 100/0.5 h silica on carbon
nanocomposites produced amorphous material andsb®abt carbon on silica beads of AS-P-
CS 1000°C/1 h and AS-P-CS 100/0.5 h had sizes which ranged from 1.8 — 2.4 apd-2.0
pum respectively. Shorter pyrolysis times of 0.5rbdoiced carbon on silica beads with smaller
diameters which ranged from 1.2 — 2.0 um and pgrsliymes of 1 h produced carbon on silica
beads with larger diameters of 1.8 — 2.4 um. Thend&adata showed that as the carbonization
time is increased, the degree of disorder in thilbaraon silica nanocomposites also increases.
The thermal stability of the carbon on silica nasmoposite samples decreased as the
carbonization time was increased. The aims anccbbgs of this study were achieved.
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