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Abstract

Abstract
This thesis details the preparation and subsequent characterisation of novel

nanostructured porous materials with tuneable porosity. The main focus is

the development of inorganic and carbonaceous porous materials for

catalysis, templating and gas storage applications. Three distinct methods

of synthesis are investigated, namely: (i) hydrothermal synthesis of

zeotype aluminosilicates, (ii) nanocasting techniques for templated carbons

and (iii) sol-gel processes, with/without metal salt 'porogen', to carbon

aerogels. Post-synthesis modification methods for carbonaceous materials

include supercritical carbon dioxide mediated incorporation of palladium

nanoparticles into zeolite templated carbons and chemical activation for

carbon aerogels resulting in enhanced textural properties.

Chapter 1: Provides the foundation and background to the main themes of

nanostructured porous materials investigated in this work. Information

about fundamental properties and applications is emphasised.

Chapter 2: Gives a brief background of techniques used for characterisation

of the porous materials generated in this research programme. Gas

sorption techniques used to probe hydrogen storage and carbon dioxide

uptake are also presented.

Chapter 3: Describes stepwise experimental techniques followed in the

preparation of various porous materials. The chapter also describes the

instrumentation used in these techniques.

Chapter 4 - 7: Each chapter reports a separate but sequential area of

research in which appropriate additional theory and background is provided

with associated literature review. This is followed by a results and

discussion section, with a concluding summary for each chapter.
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Abstract

Chapter 4: Details the synthesis of ordered mesoporous aluminosilicates,

which exhibit some zeolitisation, prepared from a recipe conventionally

used for the synthesis of microporous zeolite SEA. The porosity of the

aluminosilicates is modified by simple washing and/or refluxing (in water)

of either on the as-synthesised mesophase or the calcined material. The

aluminosilicates have excellent hydrothermal stability and strong acidity

and thus combine the best properties from mesoporous materials and

zeolites.

Chapter 5: Describes the preparation of zeolite templated carbons (ZTC)

generated as replicas of zeolite Y via a hard template nanocasting process.

In order to enhance hydrogen storage, the ZTCs are impregnated with

Palladium nanoparticles using supercritical carbon dioxide solvent, scC02,

as environmentally benign reaction media. The Pd-doped ZTCs exhibit

enhanced hydrogen storage due to optimised (with respect to metal

content and particle size) incorporation of Pd.

Chapter 6: A two-step process for the generation of zeolite templated

carbons (ZTCs) was investigated. In this case the nanocasting technique

involves liquid impregnation of zeolite 13X with furfuryl alcohol followed by

chemical vapour deposition (CVD) of ethylene at variable CVD

temperatures. The two-step process was a successful attempt to optimise

the replication of the zeolite structure in the carbons. The ZTCs had very

high surface area and excellent mechanical stability, and achieved the

highest hydrogen storage capacity (7.3 wt% at 77 K and 20 bar) ever

reported for any carbon material.

Chapter 7: Organic Sol-gel chemistry is explored in the formation of carbon

aerogels via conventional methods involving the use of resorcinol-

formaldehyde resins and melamine-formaldehyde with or without metal
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salt as a porogen and subcritical drying. Chemical activation is used to

modify the porosity of aerogels for potential applications in carbon dioxide

uptake.

Chapter 8: A brief overall conclusion to this research work is presented

together with recommendations for future research.

[iii]
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Chapter 1: Introduction

Nanotechnology and Nanostructured Porous Materials

Chapter 1. 0 Introduction: Nanotechnology and
Nanostructured Porous Materials

1.1 Introduction
A key challenge in porous materials synthesis is the control of structure

over several length scales. Length scales from molecular to bulk

dimensions are being investigated with a view of designing materials with

unique properties for targeted applications. This chapter will provide a

foundation and background to the main themes explored in this thesis. The

research area of nanoscience and nanostructured materials is introduced

with subsequent classification of nanomaterials. Different types of porous

materials are described with the main focus being on their fundamental

properties and methods of fabrication. The known and potential

applications of nanomaterials, with particular emphasis on hydrogen

storage and carbon dioxide capture are also discussed.

1.2 Nanoscience and nanostructured materials
Nanostructured materials have attracted a great deal of attention in recent

years due to their unique properties and potential interdisciplinary

applicattons.' Developments in nanoscience are closely dependent on the

posslblltttes of designing, synthesising and subsequently characterising new

nanostructures with tailored applications. Nanomaterials are defined as

materials of less than 100 nm in one or more dimensions and which exhibit

novel properties that are different from those possessed by their bulk

forms. Thus, 'nanoscience' is typically the study phenomena used to

describe materials at nanometre length scale, i.e. on a scale of 1 billionth

to several tens of billionths of a metre as illustrated in Figure 1.1.2

[1]
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Figure 1.1 Schematic of nanometre scale domain relative to some physical

and biological objects."

Nanoporous materials as a subset of nanostructured materials are of

scientific and technological importance due to their outstanding ability to

adsorb and interact with atoms, ions and molecules not only on their large

interior surfaces, but also throughout the bulk of the rnaterial." The wide

range of potential applications for nanostructured porous materials dictate

the current intensive research into methods of synthesis and

characterisation. Porous materials have been investigated in a wide range

of fields including, heterogeneous catalvsts,"" gas hosts," sorption

processes.P"? molecular sleves.!' air punftcatlon'? and nanocastinq.P?"

However, significant challenges remain regarding synthesis techniques for

tailoring materials with defined pore size and morphology; and in

particular, the control of properties such as pore size, pore shape, pore size

distribution and surface area.

1.3 Nanoporous materials
Porous materials typically consist of voids, with either randomly distributed

pores (disordered pore systems) or with long range ordering of the pores

with high regularity (ordered pore systems)." Solids are generally

considered porous if the pores (whether cavities, channels, or interstices)

[2]
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have a greater depth than width.21 Porosity parameters, in particular the

ratio between the pore volume and the total surface area, are vital in

making a distinction between various porous systems. Conventionally,

porous materials have porosity if the volume ratio of voids to the total

volume of the material is in the range of 0.2 and 0.95 .22 Therefore,

classification of these porous systems has been achieved based on pore

diameter dimensions along with type and shape of pores, classifications

which are discussed below.

1.3.1 Classification based on pore dimensions
The classification according to pore diameter that is now widely used and

accepted is based on International Union of Pure and Applied Chemistry

(IUPAC) recomrnendatlons.P In this model, materials with pore diameters

less than 2.0 nm are defined as microporous (most common examples of

which are zeolites and activated carbons), greater than SO nm are

macroporous (such as amorphous silicates), and those of the intermediate

range (2 to SO nm) are mesoporous (with examples such as periodic

mesoporous silica). Furthermore, the micropores are subdivided into two

categories with those smaller than ca. 0.7 nm as narrow micropores or

ultramicropores and those in the range of 0.7 to 2 nm as supermicropores.

1.3.2 Classification based on accessibility to the
surroundings
Figure 1.2 illustrates a cross-section of a porous material with pores

categorised according to their availability to external fluid.21 Based on this

classification, some pores are described as closed, such as in (a) in which

case the pores are totally isolated from their neighbours. Such pores are

known to influence bulk density, mechanical strength and thermal stability,

but they are of no great value to processes such as fluid flow and

[3]
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adsorption of gases. In contrast, open pores like (b), (c), (d), (e), and «f)

consist of a continuous channel of communication with the external surface

of the material and they are ideal for separation, catalysis and sensing

applications.

Figure 1.2 Schematic cross-section of a porous material illustrating closed

pore (a), open pores (b-f) and roughness of the external surface

represented around (g).21

1.3.3 Classification based on pore shape
This classification is based on the geometry of the pores, in which pore

shapes may be cylindrical, spherical, slit-shape, ink-bottle or cone-shaped

as illustrated in Figure 1.3.24.25

[4]
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Cylinder

__ h:lk aottle

Figure 1.3 Pore shape classification based on geometry. 24,25

Pore size and pore size distribution are major factors in the applications of

porous materials. This is evident in the significant development, as well as

modification of current methods, the aim of which is to carry out pore size

analysis. However, given the complexity and variety of porous materials,

there is still no general agreement on the advantages and disadvantages of

the various types of pore classification. Nevertheless, the IUPAC

classification discussed in section 1.3.1 is most widely used. It is based

largely on pore size determination from different mechanisms occurring in

the pores during nitrogen adsorption at 77K and 1 atm. For example,

multilayer adsorption, capillary condensation and micropore filling are

processes that directly correlate to macropores, mesopores and micropores

filling respectively. In this context, the focus of this research work is to

investigate how porosity affects the application of porous solids in catalysis

and gas adsorption.

1.4 Types of porous materials
Classification of porous materials into different categories as discussed in

section 1.3 is without reference to their chemical composition. The level of

[5]
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difficulty in pore size classification is also shared in the classification based

on the chemical nature of the walls due to a large variety of constituent

elements. Ozin and co-workers categorised nanoporous materials into

three major classifications: organic, inorganic and hybrid porous systems."

The organic porous systems mainly differ from inorganic ones in having

molecules stabilized by either hydrogen bond or Van der Waals

interactions. In addition, the latter are characterised by a large number of

covalent bonds in their structure making them chemically and thermally

stable. Hybrid systems are generally as stable as inorganic systems though

with potential use of functional organic groups as catalytic centres or

adsorbing sites. In depth discussions of zeolites (including mesoporous

aluminosilicates), and carbonaceous materials are presented in the

following sections.

1.4.1 Zeolites
Currently, zeolites refer to all microporous silica-based solids presenting

crystalline walls.27 In recent years, there has been a significant increase in

the synthesis, characterisation and applications of new microporous

materials due to recently conceived frameworks, compositions and unique

structural types.28 To date there are more than 176 unique framework

structures that have been approved and reported in the 6th edition of Atlas

of Zeolite Framework Types by the International Zeolite Association

Structure Commission (IZA-SC).29

Structurally, zeolites are hydrated crystalline aluminosilicates constructed

from T04 (where T = tetrahedral atom e.g. Si and AI).30,31The first class of

nanoporous materials to be recognized as aluminosilicates had a general

formula Ax/n[Sil-xAlx02].mH20, where A is typically a metal cation of

valence n, and m is the number of water rnotecules." Conventionally,

[6]
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zeolitic architectures are based upon vertex-sharing [Si04] and [AI04]

tetrahedra with Si/AI ratio ranging from a minimum of 1 to infinite. Thus,

they contain well-ordered nanometre scale sized void spaces of ca. 3 - 15

$. in their structures. Figure 1.4 shows typical examples of zeolite

structures. The consistency in nomenclature of zeolites is maintained by

IZA-SC in accordance with IUPAC recommendations, in which a three letter

code is assigned to each structure type.29, 32, 33 For example, the

frameworks of zeolite 13 and faujasite-type structure which form the main

respectively in Figure 1.4.29

area of study in this work are denoted *BEA and FAU, and are represented

i
I
I: /
~~.-'

(A)

......

I
I I
i. i
~·I
(8)1

I

I

Figure 1.4 Zeolite framework for (A) BEA* viewed along [010] with

idealised tetragonal cell, P4122, where a = 12.6 $., c = 26.2 $. and (B) FAU

viewed along [111] with cubic structure, a = 24.3 $..29
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Typically, zeolites are synthesised under hydrothermal conditions in which,

after Si, AI and mineralisers such as NaOH or KOH are mixed in water, the

resulting hydrogels are heated at prescribed temperatures and crystalized

into zeolites. The resultant zeolites usually have a low Si/AI ratio

framework (Si/AI < 10) and hydrophilic properties." This is because the

framework contains a high proportion of anionic AI sites and charge

compensating cation such as Na+ or K+. The use of organic compounds

such as quaternary ammonium salts often referred to as 'structure

directing agents' (SDAs) was established in the 1960s resulting in zeolites

with higher Si/AI ratio (Si/AI> 10).34 In this case, the zeolite structures

appear to form around the organic compounds via hydrophobic

interactions, which results in hydrophobic frameworks in contrast to

zeolites synthesised without SDAs. A schematic representation of the

general synthesis process is shown in Figure 1.5.35

[8]
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SYNT

I
5 - 10 nm

Zeolite particle

Figure 1.5 Scheme for hydrothermal synthesis of zeolite using organic

molecules (such as amines or alkylammonium salts) as structure directing

aqents."

It is worth pointing out that variation of the gel composition (including

incorporation of other metals or metal oxides), system pH, reaction

temperature, gel ageing, seeding, reaction time and templates used

determines the framework structure of the resultant zeolites." In

particular, zeolites with unique composition, morphology, particle size and

particle size distribution are generated with changes in experimental

parameters. However, the prepared zeolites by this method suffer the

following limitations:

[9]
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o Typically, zeolites in a stable colloidal suspension contain trapped

SDAs in intracrystalline voids of which the latter are supposed to be

removed in order to generate the pores." SDAs removal is

commonly achieved by calcination at high temperature in air or

oxygen, which has been reported to cause significant irreversible

aggregation of particles.36-38 In addition, calcination poses a great

potential of destroying any previously grafted organic molecules. An

alternative method would be solvent extraction, which is rarely used

since complete removal of SDA molecules is often unachtevabte."

o Secondly, is the inherent diffusion limitations within the zeolite

microporous frameworks that restrict accessibility to their internal

surface.": 40 The accessibility depends largely on both the location

of the OH group in the zeolite framework and the size of the

reactant molecule. This limitation has in turn prevented the use of

zeolites not only in catalysis involving large molecule

transformations, but in other areas of chemistry where large pore

size is required.

In the quest to overcome these limitations, research efforts have focused

on extending zeolitic dimensions to pores consisting of larger than 12 T-

atoms (classified as extra-large pores);" In other research, the focus has

been decreasing the zeolite's particle size thereby reducing the diffusion

pathlength.19,41-44 There have also been efforts aimed at the introduction of

networks of mesopores or macropores by chemical leaching39 or

nanocasting of zeolites within mesoporous templates.'?' 43, 45 A seminal

development in the templated synthesis of large-pore zeolites was the

[10)
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discovery of the M41S family of mesoporous materials by researchers at

the Mobil Corporation.": 47

These so-called periodic mesoporous silicas (PMSs) of the M41S type are

discussed in detail in section 1.4.2 below, as they have become an area of

intensive research due to their potential applications in a wide range of

fields that require pore size greater than 2.0 nm.

1.4.2 Periodic mesoporous silicas (PMSs)
The development of porous materials with large surface areas and tuneable

pore size is currently an area of extensive research particularly with

regards to their potential applications in areas such as adsorption,

chromatography, catalysis, sensor technology and gas storage.48

Crystalline zeolites discussed in section 1.4.1 as well as PMSs are

characterised by very large surface areas, ordered pore systems and well-

defined pore size distribution. However, the M41S family of PMSs exhibit

amorphous walls and do not possess acidity as high as some zeontes."

Typically, M41S family of materials are synthesised utilising SDAs in the

form of lyotropic liquid-crystalline phases around which silica precursors

can condense (i.e., sol-gel polymerisation) under basic conditions. The

resultant mesostructured composite upon subsequent removal of the

surfactant by extraction or calcination results in formation of mesoporous

materlals.": 49 The most well-known representatives of this class consists

of the silica solids MCM-41 (with a hexagonal packing arrangement of

mesopores, space group p6mm), MCM-48 (with a cubic arrangement of

mesopores, space group Ia3d) and MCM-SO (with a laminar structure,

space group p2) as illustrated in Figure 1.6.46-48

[11]
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-ef

Figure 1.6 Framework structures of mesoporous M41S materials: (a) MCM-

41 (2D hexagonal packing) (b) MCM-48 (cubic), (c) MCM-SO(lamellar) with

space group of p6mm, ia3d and p2 respectivelv.:"

A liquid-crystal templating mechanism for the formation of these materials

as proposed by Beck and co-workers has two potential pathways illustrated

in Figure 1.7.46 On one hand, in true liquid-crystal templating (TLCT), the

inorganic precursors are deposited and condensed on the micellar structure

of a preformed lyotropic liquid crystal phase. This is due to the high

concentration of the surfactants under the prevailing conditions

(temperature and pH). On the other hand, a co-operative self-assembly

between the SDA and the already added inorganic species initiates the

ordering of silicate-encased surfactant micelles.

[12]
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Spherical
micelle

Lyotropic liquid-crystalline phase Composite: inorganic Mesoporousmaterial
(shown 20 hexagonal) mesostructured solid/surfactant (shown MCM-41)

Rod-shaped ••.,:;?~ )
, II '.'.,,_..".imice e \\.~>"rr.·:·,,:;:- \'~~~ """"""'O.tO"""""--

-(;3t'$~:;;~'J~'~
> Silica precursor
~ (shown TEOS)

~-o,-"

(
(b)

Figure 1.7 Synthesis of mesoporous materials by; (a) true liquid-crystal

and (b) co-operative liquid-crystal templating mechanism."

The conventional mechanism of formation based on the electrostatic

interaction between an inorganic precursor (I), and a SDA surfactant head

group (5), as proposed by Huo et al., is illustrated in Figure 1.8.48,50,51
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a)
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Figure 1.8 Inorganic - surfactant head group interactions with

consideration of the possible synthetic pathways in acidic, basic or neutral

media, Electrostatic: s+r, s+x-j+, s'm"t', s-i+i through hydrogen bonds:

sOjaInoio, sO(xi)O,48
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Electrostatic interactions are classified as follows:

(a). str pathway occurs under basic conditions whereby silica species are

present as anions (r) with cationic ammonium surfactants (S+) used as

the SDAs.52

(b). S+X-I+ pathway if the synthesis occurs under acidic conditions

whereby the silica species (1+) are positively charged. In such a case a

mediator ion (X-) (typically a halide) is required to produce an interaction

with the surfactant (S+).51

(c). S-M+r pathway occurs if negatively charged surfactant (S-) are used

as the SDA under basic conditions, requiring a mediator cation (M+) to

promote the interaction with the negatively charged silica species (r).51

(d). S-I+ pathway occurs under acidic conditions (silica species (1+) are

present as cations) with negatively charged surfactants (S-).51

(e) and (f). In addition to the dominating electrostatic attractions in (a) to

(d), hydrogen bond mediated interactions can also be a driving force for

the formation of mesophase as illustrated in Figure 1.8 This is a case

whereby non-ionic surfactants are used (e.g. So a long-chained amine; N°:

polyethylene oxide), whereby uncharged silica species (S°l°; pathway (ej)

or ion pair (SO(XIO); pathwaytf) can be present.48,53, 54

To date, a wide range of well investigated periodic mesoporous silica

materials have been reported with significant progress achieved in

structural'" and morphological control. 56, 57 In addition, there has been

remarkable advancement in compositional control,56, 58 functionalisation of

pore walls, 59, 60 formation of hybrid silica/organic frameworks61-64 and

improved stability of mesoporous materials. 57, 65-69 Noteworthy is the

[15]
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preparation of well-ordered hexagonal mesoporous silica structures (SBA-

15) by Zhao and co-workers."? These materials exhibit uniform pore size

up to approximately 30 nm.

The preparation of crystalline mesoporous aluminosilicas via

supramolecular templating remains a challenge. This is because the

preparation conditions required to generate mesoporosity do not favour the

formation of crystalline aluminosilicate frameworks. Although the formation

of supramolecular-templated crystalline silica-surfactant mesophases has

been demonstrated in a number of studies,71-76 their transformation to

template free crystalline materials often fails. Alternatively, mesoporous

silicate composites may be prepared using small organic molecules as

'structure directing agents' wherein the mesoporous structure formation is

different from that which applies to supramolecular ternplates.i"?"

However, in most cases the resulting materials are composites made up of

zeolite crystallites embedded in a disordered mesoporous matrix in which it

has been suggested that such composites are generated via a

nontemplating structure mechentsm."

Part of the work presented in this thesis (chapter four) explores the

preparation of mesoporous aluminosilicates using templating molecules and

synthesis conditions that are typically used for the preparation of

crystalline zeolites. The aim was to achieve the simultaneous formation of

an ordered mesostructure that might also be crystalline. Such materials are

expected to have larger pore sizes than conventional zeolites and

simultaneously exhibit both higher hydrothermal and thermal stability

because refluxing does not cause any dealumination.

[161
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1.4.3 Porous carbonaceous nanomaterials
A wide variety of carbon nanostructures have been reported, for example;

carbon nanoftbres,": 82-84activated carbon,8s-92 multi-walled and single-

walled carbon nanotubes.P'?" templated carbons,": 15,97-102and carbon

aerogels,103-10Samong many others. The wide range of forms in which

carbon exists is attributed to its ability to bond to itself (catenation) via Sp3

(as in diamond) and Sp2 (as in graphite) hybridization. However, most

porous carbons consist of benzene-like carbon hexagons with Sp2 -

hybridised carbon atoms and differ from each other in the way these

hexagons are arranged. The arrangement of the hexagons results in

formation of carbons which are at the opposite ends of the spectrum; those

that possess long-range ordering (well-ordered) like nanotubes or

illustrated in Figure 1.9y,106

nanofibres and those with irregular shapes like activated carbons as

Figure 1.9 Schematic illustrations of the structures (A) single-walled carbon

nanotubes with projections normal to the tube axis and perspective views

on the top and bottom respectively; (8) molecular structure of activated

carbon.13,106
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Carbonaceous structures exhibit different structural properties and

porosities that in turn dictate their applications. Their wide-spread

application is a result of their remarkable properties, such as the

hydrophobic nature of their surface, high specific surface area, large pore

volume, chemical inertness, good thermal stability and good mechanical

stability.lo7 However, most porous carbons are microporous which implies

that they are well-suited for many applications (section 1.6) involving small

molecules as is the case for zeolites (section 1.4.1). There are still'

however, many other applications for which the presence of larger pore

size (i.e. mesopores or even macropores) would be preferred. The

development of mesoporous as well as microporous carbons would

therefore enhance their current and future applications (section 1.6 and

1.7).

Porous carbon materials are typically prepared by a process of pyrolysis or

carbonisation of natural or synthetic carbon precursors with subsequent

activation; a process involving a wide range of experimental conditions. loa

For instance, the carbonisation process may include a wide range of

precursors, heating rates, final heat temperature, soaking time and

reaction environment. Furthermore, activation constitutes an extra set of

variables including reaction temperature, reacting gas, duration and extent

of reaction. loa The resultant activated carbons generally exhibit a broad

pore size distribution (PSD) with a high proportion of micropores. The wide

PSD is attributed to the etching processes that are difficult to control or by

escaping gases during carbonisation of carbon precursors with subsequent

activation. To control the porosity of carbons, the template carbonisation

route (section 1.4.3.1) has attracted much attention because it allows

[18]
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preparation of carbon materials with controlled architecture and narrow

pore size distribution.i'"

1.4.3.1 Nanocasting techniques to porous carbons
In 1986, Knox and co-workers pioneered the template synthesis of a

porous carbon material for liquid chromatography by the impregnation of

porous silica with phenolic resin and subsequent carbonisation.11o Since

then, template carbonisation has been extensively studied and employed to

prepare ordered porous carbon materials 15, 16, 99, 101, 102, 111-113 Figure 1.10

illustrates a typical nanocasting technique using zeolite Y as a hard

template.l'"

zeolite Y zeolite/carbon composite zeolite templated carbon
(ZTC)

Figure 1.10 Scheme for the synthesis of microporous carbons; (a) crystal

structure of zeolite y template, (b) zeolite/carbon composite and (c)

framework structure of liberate carbon after zeolite etching in HF acid.114

Template carbonisation conventionally involves the following four main

stages:

1. Preparation of porous inorganic template.

[19]
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II. Introduction of a suitable carbon source into the pores of the

template either by liquid impregnation or chemical vapour

deposition.

Ill. Carbonisation of the inorganic-organic composite at a specific

temperature.

IV. Removal of the template by dissolution in an alkali (NaOH) or acidic

media (HF or HCI).

A variety of inorganic porous templates including zeolites!" 15,99,102,113,115

and mesoporous silicas16, 74,110,116-120have been used to prepare porous

carbons. Likewise, the wide range of carbon precursors includes: sucrose;"

furfuryl alcohol.!" 15,97,121,122acrylonitrile,15, 121propvlene.!": 115pyrene,121

acetonltrtle."?' 123and vinyl acetate121 have been used. Generally, the use

of microporous zeolites and mesoporous silicas as hard templates results in

microporous and mesoporous carbon materials respecttvelv.P: 99,111,124,125

It is noteworthy that the structural ordering of mesoporous carbons in most

cases is a faithful inverse replica of the corresponding pore ordering of

silica template. In contrast, it still remains a great challenge to replicate

the zeolite pore structural ordering.

Poor inverse replication in carbons templated by zeolites has been

attributed to a number of factors including low carbon loading due to the

small pores in the zeolites or disordered/inappropriate symmetry of the

zeolite ordering. Moreover, close replication of pore ordering of zeolite 13

and zeolite Y is considered challenging due to the disordered structure of

zeolite 13 and high symmetry cubic space in zeolite Y respecttvelv.": 126In

order to address these limitations, Parmentier and co-workers employed

the use of zeolitic material which combines a 2D or 3D with non-cubic
[20]
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systems such as zeolite EMC-2 to successfully prepare porous carbons with

significant levels of zeolite-like ordering and thus exhibiting more than one

XRD diffraction peak.126

Working independently, Kyotani et al.10l, 102 and Mokaya et al.99

successfully prepared microporous carbon materials using zeolite Y and

zeolite r3 respectively as templates. The resultant carbons in both cases

were exclusively microporous exhibiting high surface area and large pore

volume up to 3600 m2/g and 1.5 cm3/g respectively. There are, however,

limitations in that, only a few zeolites may be used to give a faithful

inverse replica. In addition, the desirable mesopore size range is not

obtainable in this process limiting the applications of these materials.

In contrast to zeolites, mesoporous silicas tend to result in faithful inverse

replica carbon. This is because the mesoporous silicas have larger pores

and pore wall thicknesses that allow the formation of mesoporous carbon

materials. Ryoo et al.16 and Hyeon et al.,116 working independently

reported the first synthesis of ordered mesoporous carbon CMK-l and SNU-

1 respectively using mesoporous silica as hard template. Since then, a wide

range of mesoporous silicas such as MCM-48,116 SSA-15,lo9, ns, 119 and

hexagonal mesoporous silica (HMS),117 among others, have been

investigated as templates to prepare ordered mesoporous carbons.

It is desirable to control the pore size and/or morphology of mesoporous

carbons given the diverse range of porosity. The possibility of pore size

control for mesoporous carbons was first reported by Ryoo and co-

workers.r" This was achieved by varying the ratio of SDAs

cetyltrimethylammonium bromide (CTAS) and polyoxyethylene

hexadecylether-type C16H33(C2HsO)gOH (C16EOs) in the synthesis of

[21]
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mesoporous silica template. It was noted that the wall thickness in

mesoporous silica varied between 1.4 nm and 2.2 nm which resulted in

mesoporous carbons with pore sizes in the range of 2.2 to 3.3 nm.

In this thesis, commercial zeolites Y and 13X are explored as hard

templates for porous carbon formation. In particular the replication of the

template's structural regularity in the resultant carbons is investigated. The

main focus will be on tailoring porosity to the desired applications

especially in catalysis and gas adsorption.

1.4.3 2 Porous carbon aerogels
Another form of porous carbonaceous materials that has been intensively

studied in recent years is carbon aerogels due to their high surface-to-

volume ratios, high electrical conductivity and tuneable porosities at

nanometre scale 104,105,128,129Although new precursors and solvents have

been reported in literature,130-132most organic aerogels are prepared by

sol-gel polycondensation of resorcinol with formaldehyde (RF hydrogel) as

initially proposed by Pekala.133This is because the sol-gel process allows

better control of the composition, homogeneity and structural properties of

the resulting materiels.':"

Typical synthesis of carbon aerogels is achieved in two main steps. The

first step involves preparation of organic aerogels via sol-gel process

followed by supercritical drying to remove liquid from the delicate gel

structure without collapse or shrinkage. A wide range of organic

monomers/resin systems have been reported; namely, melamine-

formaldehyde (MF),104,135resorcinol-formaldehyde (RF),133 polyurethane-

dlchloromethane=" and phenolic-furfuryl (PF),137 among many other

precursors. In the second step the dry organic aerogels are pyrolysed in an

[22]
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inert atmosphere at temperatures between 500°C and 2500 °C to yield

mesoporous/rnacroporous aeroqels/rnonoltths.':"

The RF hydrogel has been widely investigated and its two-step reaction

mechanism is illustrated in Figure 1.11.138 The first step involves the

addition of formaldehyde to resorcinol conventionally catalysed by a base

to form mono-, di-, and tri-hydroxymethylated derivatives (-CH20H). In

step two the condensation of -CH20H groups forms ether linkages (CH2-0-

CHr) or with unsubstituted site of the phenyl ring, forms methylene

(CH2).138Several factors have been investigated in order to optimise the

experimental conditions. For example, Pekala et al 104, lOS, 133and Shen et

al.139 independently reported that the resorcinol/catalyst (R/C) ratio plays a

major role in deciding the size and porosity of carbon aerogels. Moreover,

Job and co-workers linked this ratio with pH of the solution which is usually

adjusted by the catalyst."? However, as the pH changes throughout the

experiment, it is more useful to use the R/C ratio as the controlling

parameter.

~- ~

i0.IUOH
R

;_ (1) (xOH CH,oHcXOH CIt,olt *0" C><,OH
H H _ I • I I • I

Na2CO OH OHItO".c OHF ~~ C><~

Figure 1.11 Reaction mechanism of the sol-gel polymerization of resorcinol

with forrnaldehvde.!"
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In contrast to zeolite templated carbons, aerogels do not exhibit an

ordered pore size structure or a narrow PSD. However, the disordered

framework of the aerogels has been demonstrated to be advantageous

with respect to certain applications. In particular, the pore size extends to

the larger end of the mesoporous regime and into the macroporous regime

thus enhancing molecular diffusion.138 In addition, the pores in these

materials are interconnected allowing multiple points of entrance and

egress.

1.4.3.3 Activated carbons
Chemical and physical activation of carbonaceous materials constitutes a

well-established route for the preparation of carbons with high surface

area.87-89, 91, 92, 141 In recent years, chemical activation has been

investigated as a tool for enhancing the textural properties of advanced

carbon materials such as templated carbon, carbide-derived carbons

(CDCs) or carbon nanotubes.f": 88,89,142In particular, activated carbons

produced using KOH as activating agent exhibit attractive properties such

as: (i) high surface areas and pore volumes, (ii) a significant proportion of

the porosity arises from uniform micropores in the 1 - 2 nm range, (iii) the

pore structure can be tailored by varying the activating parameters such as

activation temperature and KOH/carbon ratio and (iv) activation may be

performed via an easy one-step process.": 141

During the chemical activation process, the reaction which takes place

between KOH and carbon is primarily as follows,90,143

(1)

The carbon framework is etched to generate pores due to the oxidation of

the carbon into carbonate ions and intercalation of the resulting potassium
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compounds which are removed during subsequent washing steps. On the

other hand, the production of CO2 from the decomposition of K2C03 at

temperatures above 700 °C can contribute to further porosity development

through gasification with simultaneous formation of atomic potassium

according to reaction (2).144 Thus the atomic K expands the interlayers of

adjacent hexagonal network planes consisting of carbon atoms resulting in

enhanced pore forrnatlon.l'"

(2)

In this thesis (Chapter 7), chemical activation is explored as a route of

tailoring the porosity of carbon aerogels for gas adsorption. The effect of

using a metal salt as a 'porogen' in polycondensation of melamine-

formaldehyde resins on the pore texture is investigated. Furthermore, the

effect of chemical activation on porosity of carbon aerogels is assessed in

reference to RF and MF (with or without a porogen). The pore texture is

studied before and after activation in order to determine which synthesis

parameters and/or pyrolysis variables have a significant influence on the

final textural properties of the resultant carbons.

1.5 Metal-doping of carbons
The combination of metal nanopartlcles and porous carbons is an

interesting research area. The dispersion of metal nanoparticles within high

surface area support has been suggested as one way of enhancing

hydrogen storage via the so-called 'spillover' mechamsm.r'" It has been

demonstrated that by using Palladium nanoparticles, that degree of Pd-

carbon contact, pore size and the state of hydrogen receptor surfaces are

key factors that enhance H2 splllover.V' 146-152 The spillover mechanism

employs metals that can adsorb hydrogen dissociatively, thus acting as a
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source of H atoms that may spillover the metal-support interface.':"

However synthesis of metal nanoparticles with subsequent dispersion into

the high surface area carbons is yet to be optimised. This often involves

the use of volatile organic compounds (VOCs) which are highly hazardous.

For instance halogenated solvents being photochemically active, result in

the formation of smog which is considered toxiC.153 In recent years

supercritical fluids (SCFs) have been intensively investigated for

incorporation of metal nanoparticles into the carbon substrates.

The 'green' benefits of using supercritical fluids are due to elimination of

VOCs and replacement with non-toxic fluids such as carbon dioxide.

Supercritical fluids have been defined by Darr and Poliakoff as:

"Any substance, the temperature and pressure of which are higher

than their critical values, and which has a density close or higher

than its critical density. ,,154

Figure 1.12 illustrates the phase changes of a pure substance.P" The

critical point marked C is approached (from the liquid-vapour phase region)

as the meniscus between the liquid and the vapour gradually disappear. All

the properties of the vapour and the liquid become identical resulting in a

homogeneous single phase.!" This implies that SCFs could be easily

described as having properties between those of a gas and a liquid; for

instance, SFCs tend to have low viscosity and high heat capacities

enhancing heat and mass transfer but also intermediate density giving

them ability to dissolve other liquid and solid compounds.156-158One such

SCF that has been under intensive investigation in recent years is

supercritical carbon dioxide (scC02) due to attractive properties such as

non-toxicity, non-flammability and thermodynamic stability.lss
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Figure 1.12 Schematic pressure-temperature phase diagram for a pure

component showing supercritical fluid region with the critical point marked

c.154

In recent years, scC02 has been extensively studied as a green medium for

chemical reactions and separattons."? 152, 154, 159 This is due to the uniquely

attractive properties of scC02 such as delivering molecules to areas with

high aspect ratios, complicated surfaces and poorly wettable substrates.'>'

Moreover, unreacted materials and by-products from scC02 processes can

be readily removed from the system by flushing with CO2 fluids. In this

thesis (Chapter five) zeolite templated carbons were first prepared using

nanocasting techniques and then doped with Pd in supercritical scC02• The

aim was to provide further insights into optimising experimental

parameters that would result in homogeneously dispersed metal

nanoparticles in porous carbons with potential for enhanced hydrogen

storage.
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1.6 Current and potential applications of
nanostructured porous materials
The diverse range of nanostructured porous materials with tuneable

textural properties and morphology allows their use in a wide range of

fields. Some of the applications have already been in existence for a long

time (such as ion exchange for separation and catalvsts).'! while others are

still under intensive investigations for possible scale up (for example as

hydrogen storage media). Some applications are outlined in this section,

while hydrogen uptake and carbon dioxide capture, which are the main

focus of this work, will be discussed in section 1.7. The remarkable use of

porous materials is evident in Breck's statement on zeolites as follows:

"Rarely in our technological society does the discovery of a new

class of inorganic materials result in such a wide scientific interest

and kaleidoscopic development of applications as has happened on

zeolite molecular sieves. ,,160

Applications of porous materials have been dictated mainly by their

porosity. For example, traditional applications such as ion exchange,

adsorption for separation and catalysis all benefit from well-ordered

materials such as zeolites." 28 The characteristic 3D frameworks of zeolites

that typically form channels are useful as molecular sieves and adsorbents

because their pore sizes are comparable to molecular dimensions. 160, 161

Also, zeolites have been successfully used as supports on different

materials including metals, ceramics and polymers.161-163However, the use

of materials of a mesoporous nature, beyond the 2 nm range remained

elusive until pioneering synthesis methods were reported in the early

1990's by researchers from the Mobil Corporation.V
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The diverse range of mesostructured materials with tuneable textural

properties and morphologies are highly desirable for applications in

sorption and size-selective separation," or as hard templates for

nanocasting of new mesoporous matertals.i" 111Furthermore, as catalyst

supports and catalysts, they overcome size selection and diffusion

limitations associated with microporous materials. However, for catalytic

applications the amorphous nature of silica frameworks results in low

hydrothermal stability and reactivity (e.g. acidity) when compared with

crystalline zeolites. Thus, substantial study is directed to the synthesis of

mesoporous materials with crystalline frameworks; for example, addition of

molecular zeolite templates to the precursor for mesoporous

aluminosilicate synthesis.164-166

In recent years, there has been extensive study into the use of porous

carbon materials as a hydrogen reservoir (section 1.7) and in

supercapacitors167 among many other applications. Therefore, with the

ever increasing broad range of applications of porous materials, there is

the need to optimise the conditions for their syntheses with a view of

enhancing reproducibility. Despite the outstanding challenges in the

preparation of ordered porous materials, the rate of advancement in this

area in the recent past has been impressive.

1.7 Gas sorption/storage

1.7.1 Hydrogen storage
Hydrogen is an ideal alternative to finite fossil fuels from an environmental

point of view. The availability of hydrogen is potentially unlimited and

combustion does not generate pollutants and particularly not carbon

dioxide (a greenhouse gas).168-170A particularly daunting challenge facing

the use of hydrogen as a transportation fuel or in power generation is the
[29]
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development of safe and practical storage systems. The current research

on hydrogen storage is mainly guided by United States Department of

Energy (DoE) which has set target systems for hydrogen storage for

gravimetric (5.5 wt %) and volumetric (40 gL-1) densities to be achieved

by the end of 2017.171 In addition, the storage systems should show no

decay for 1500 consecutive fuelling cycles and allow filling to full capacity

in less than 3.0 minutes for a 5.0 kg hydrogen charge, over the lifetime of

the system.

At the present time there are essentially four main systems being

investigated for hydrogen storage, namely: Liquefaction, compressed gas,

metal hydrides, and adsorption on porous materials.98, 99,170, 172-17S The high

energy cost for liquefaction coupled with the low energy efficiency due to

continuous boil-off of hydrogen make liquid systems impractical for

application in hydrogen fuel cell powered vehicles. The compressed gas

systems involve high pressure cylinders which engender safety issues. The

remaining systems which are potentially attractive may be categorised into

chemisorption (in metal and complex hydrides) and physisorption (in

porous materials).

Metal hydrides work by using a metal alloy that can store hydrogen by

bonding with it to form hydrides. Different types of materials including

LaNisH6, TiFe, Mg2Ni, Mg-based materials among others have been

investigated for improved hydrogen storage density, kinetics and life

cycle.176 LaNis is the most studied metal hydride with the parent compound

absorbing ca. 1.0H/LaNis (1.5 wt %). It is easy to activate to 5 bar at a

temperature of 100 °C in order to achieve maximum hydrogen capacltv.V"

Other widely investigated hydrides are complex hydrides, for example
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lithium borohydrides (LiBH4) with a promising potential for on-board

applications as it yields 13.8 wt % of hydrogen through decomposition into

LiH and B.l77 However, the strong bonding of atoms in LiBH4 results in high

thermodynamic stability and it also suffers from sluggish decomposition

kinetics due to its multi-step decomposition reactions at a temperature

above 400 °C. Also, despite the good reversibility of LiBH4 system reported

by Walker and co-workers, it is destabilisation reaction was kinetically

limited which was attributed to the formation of a passivating boride

layer178

Extensive studies have been performed on physisorption of hydrogen on

porous solids, such as zeolites,179-182metal organic frameworks (MOFs) 183-

186and nanostructured carbons (e.g. carbon nanotubes, carbon fibres, and

nanoporous carbons)?" 95,98,99,113,184,187,188.Nanostructured carbons have

received much attention due to their highly desirable properties in gas

sorption as discussed in section 1.4.3. Besides carbon nanotubes and

nanofibres, nanoporous carbon materials such as activated carbons and

templated carbons (microporous and rnesoporous)": 120,175,188have been

extensively studied. It is now well established that the hydrogen sorption

capacity of porous carbons and other types of porous materials generally

increases with increase in surface area.120,173,175,189-191A number of studies

have suggested that micropore below 1.0 nm87-89,192-195and preferably 0.6

to 0.8 nm are the most efficient for hydrogen uptake.191-193

Despite continuing extensive research efforts into hydrogen as an

alternative source of energy, the targets set by the US DoE are yet to be

achieved in any known material. Recently, the embedment of metal

nanoparticles into the porosity of ordered porous materials with controlled
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pore size distribution has been extensively explored.152, 196-198 The resulting

material is a hybrid with the combined advantages of adsorption on the

high surface of the porous substrate and hydrogenation of metal

nanoparticles forming metal hydrides.199 Moreover, the presence of metal

nanoparticles inside the pores is considered to increase hydrogen uptake of

different porous materials via the spillover mechanlsrn.!" This mechanism

proceeds via catalysed formation of monoatomic hydrogen followed by

migration to the surface of the support.

Most routes employed for doping metal nanoparticles onto porous

substrates are typically post-synthesis implantations with inevitable

challenges in controlling metal particle size and dtstnbutton.": 149 In

addition, metals can readily agglomerate into fewer larger particles. The

use of supercritical fluids in recent years to deposit metal nanoparticles

onto the surface of porous materials has shown the potential to eliminate

the disadvantages posed by conventional solvents.'!': 159 Furthermore,

most of the supercritical fluid mediated doping processes are performed at

modest temperature and pressure with considerable flexibility of

experimental conditions. This thesis (Chapter five) investigated the effect

of SCF-mediated metal doping on the textural properties of zeolite

templated carbons. Hydrogen storage capacity for Pd-doped and Pd-free

carbons as a function of textural properties was analysed in an effort to

determine effect of Pd-doping.

1.7.2 Carbon dioxide capture and storage
The use of fossil fuels is expected to increase worldwide as part of a

diverse energy mix in 21st century200 with a corresponding rise in
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greenhouse gases (i.e. CO2, CO, S02 and NOx) and especially CO2which is

associated with global warming.1G8.201Strategies, such as CO2 capture and

storage, which help to reduce the global atmospheric concentration of

greenhouse gases, can reverse this trend. To date, most commercial CO2

capture use aqueous amine scrubbers.F'": 203 However, regarding flue

gases, these strategies need significant modification and this ultimately

leads to high capital and running costs. Thus the development of low cost

technologies is critical in providing a more cost and environmentally benign

route to reduce CO2on a global scale.

In recent years, the development of solid adsorbents has been considered

as one of the more promising technologies for efficient CO2 cepture.P": 205

A wide range of porous materials under investigation include supported

amines/OG,207immobilised amines/08 carbons.": 204,209,210zeolites (with or

without surface mcdmcetton)"" and inorganic-organic hybrid materials

such as MOFs.212For example, Siriwardane and co-workers reported that

the CO2 adsorption capacity for zeolite 13X,zeolite 4A and activated carbon

was ca. 160, 135 and 110 mg/g-adsorbent respectively at 25 °C and 1

atmosphere CO2 partial pressure."? However, the adsorption capacities

rapidly decrease with increasing temperature making them unsuitable for

practical use because many separations are operated at higher

temperatures of up to ca. 150 °C.20G

Among the wide range of porous sorbents under investigations for CO2

capture and storage, carbon-based materials are considered to be most

promising due to the low cost, high surface area, tuneable pore size among

other textural properties. For example, Lu et al 214and Zhao et al 215

independently reported a high CO2 adsorption capacity of 3.13 and 2.90
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mmol/g respectively for N-doped carbons. This demonstrates that high

nitrogen content may result in enhanced CO2 uptake. It is therefore of

interest to explore materials (such as carbon aerogels) generated using

nitrogen rich precursors. This thesis (Chapter seven) has studied the

fabrication of carbon aerogels using a nitrogen rich precursor (melamine).

In addition, the use of a metal salt as 'porogen' in the synthesis of carbon

aerogels using nitrogen rich precursor is explored.
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2.0 Complementary Analytical techniques
Methods for the synthesis of nanostructured porous materials have

received substantial attention in recent years. Simultaneously their

characterisation has been extensively investigated in an attempt to fully

appraise these nanostructures. To fully characterise the materials, a

combination of chemical, structural and surface characterisation techniques

are used. This chapter will provide a brief overview of the equipment and

techniques used for the characterisation of the materials prepared during

this research programme.

2.1 Powder X-ray diffraction (XRO) analysis
Powder XRD is an efficient and rapid analytical technique for revealing the

structure of crystals i.e. it allows the identification and characterisation of

unknown crystalline materials. Plotting the angular positions and intensities

of the resultant peaks of radiation produces a pattern that is characteristic

of the material. If different phases exist in a given material, then the

resultant diffractogram is formed by the addition of individual patterns.

Recent improvements in instrumentation and algorithm development

coupled with greater computing power, have made this technique

indispensable, increasingly more complex structures now being solved

and/or identified.

X-rays are a form of energetic electromagnetic radiation of wavelength ca.

10-10 - 10-11 m, of comparable size to the spacing of atoms within a crystal,

ca. roupm.' They are produced when high-energy charged particles such

as accelerated electrons collide with matter. A typical X-ray source consists

of a metal target, often Cu which is bombarded with electrons with energy

capable of ionizing some of the Cu 1s electrons. An electron in an outer

shell (either 2p or 3p) then fills the vacant ls level and the energy released
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in the transition appears as X-radiation. The resultant 2p to 1s transition in

Cu, referred to as Cu Ko radiation, has a characteristic wavelength of

1.5418 Ji. and an energy of 8.04 keV.2 The beam created by the X-ray

generator strikes the sample and is diffracted and then detected by either

photographic film or movable counter.

The most simplified explanation of X-ray principle was described by Bragg,

in which a crystal structure is considered to consist of lattice planes, i.e.

planes or families of parallel planes which intersect the crystal with 20

periodicity. The comparable size of the X-ray wavelength and the

interplanar spacing (d) causes a crystal to diffract an X-ray passing

through it. Diffracted radiation reflected from the surface of a crystalline

material may be in phase, or out of phase which corresponds to

constructive and destructive interference respectively, depending on the

angle of incidence (8) and interplanar spacing (see figure 2.1). The regular

array of lattice points that make up the crystal structure provides the

conditions for constructive interference that are described by Bragg's

equation."

(where n = 1, 2, 3...)3 (1)

where)." is the X-ray wavelength, dhkl is the lattice distance (hkl refers to

Miller indices) and 8 is Bragg's angle as illustrated in Figure.2.1.
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• • • • •
• • • • • •

Figure 2.1 Diagram illustrating diffraction of X-rays from a crystal surface

indicating the Bragg's law.

The intensity of diffracted X-rays will always be zero value except at those

angles where Bragg's Law is satisfied with the strongest peak being

assigned an intensity value of 100 and the others are scaled relative to this

value. In addition, the scattered X-rays must be in phase and a reflection is

observed. This only occurs at specific angles and it is dependent on the

symmetry of the sample's crystal structure, as the symmetry and the unit

cell dimensions will determine the number of different lattice planes and

their separation. Therefore, the position (28 value) of the peak is used for

indexing the pattern which then allows the crystallographic structure of the

material to be determined. Other information that can be determined from

the data provided by XRD includes the size of the unit cell and interplanar

spacing (d). Hence XRD analysis provides a characteristic fingerprint of a

crystalline sample and in particular can be used to identify how atoms in

the material pack as well as their inter-atomic distances and angles.
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2.2 Nitrogen Physisorption

2.2.1 Nitrogen sorption isotherms
Nitrogen sorption is a routine technique used for the characterisation of

porous (and nonporous) materials allowing measurements of specific

surface area, pore size, pore size distribution (PSD), pore wall thickness (in

combination with XRD) and pore volume. Data collection is achieved by

exposing the sample in a closed space to a gas (Nitrogen) while recording

adsorbed/desorbed gas as a function of the applied pressure. The adsorbed

and desorbed amount of gas gives rise to adsorption and desorption

isotherms respectively, whose shape is suggestive of the texture of the

solid measured. The International Union of Pure and Applied Chemistry has

categorised the physisorption isotherms according to Brunauer-Deming-

Deming-Teller (BOOT) into six types (I to VI) as illustrated in Figure 2.2A,

which corresponds to materials with different types of porosity."

r
I
]

Relativepr.nur. -

C HI H2

Figure 2.2 (A) The six types of adsorption and desorption isotherms, (B)

point indicating the end of monolayer with simultaneous onset of multilayer

coverage and (C) four types of hysteresis loops; Hl - typical for type iv

isotherms, H2 - characteristic for 'ink-bottle' pores, H3 and H4 - for slit

pores."

r
JI~-------+--------~
1

Relative prtuure ~
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The reversible Type I isotherms are characteristic of microporous materials

such as zeolites with the adsorbed amount (na) approaching a limiting

value as the relative pressure (P/Po) approaches 1.0. Nanostructured and

non-porous materials exhibit Type II isotherms, while Type III is

suggestive of macroporous materials. Type III gives a gradual curvature

and indistinct Point S, implying adsorbate-adsorbate interactions play an

important role. Type IV, typically mesoporous materials, is characterised

by the presence of hysteresis loop, which is associated with capillary

condensation taking place in the mesopores. Type V isotherms are

obtained with certain porous adsorbents in which the adsorbate-adsorbate

interaction is weak. Type VI represents non-porous material which has

uniform surface."

Adsorption on mesoporous materials is achieved via surface monolayer

adsorption of the adsorbate, then multilayer adsorption with onset at point

S shown in Type IV isotherm, followed by capillary condensation. The

desorption branch of the isotherm exhibits capillary evaporation that does

not take place at the same pressure as capillary condensation resulting in

isotherms with hysteresis loops. Hysteresis is typically attributed to

thermodynamic or network effects or both.! According to the IUPAC

recommendations, adsorption-desorption loops are categorised in four

types (denoted HI - H4) as illustrated in Figure 2.2B.4 Given that

hysteresis loops are related to adsorption and desorption mechanisms from

particular pore shapes, textural properties including PSD, pore geometry

and connectivity may be deduced from their shapes.": 6 For example:

o Type HI loop shows nearly vertical parallel lines and is

characteristic of cylindrical pores with hexagonal or other well-
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ordered pore geometries with a narrow PSD. These have been

associated with porous materials known to consist of agglomerates.

o Type H2 is attributed to the presence of pores with narrow mouth

(the so called "ink bottle" shaped pores).

o Type H3 does not level off at high PIPo and has been attributed to

plate-like particles forming slit-like pores.

o Type H4 shows parallel but horizontal branches and this could be

attributed to narrow slit-like pores. This loop may also show large

mesopores in a micropore matrix.

2.2.2 Specific surface area (BET)
The Brunauer Emmett and Teller (BET) model is currently a standard in the

determination of specific surface area. This model is based on a number of

major assumptions; the key one being that the heats of adsorption for all

the layers except the first one, are equal to the heat of condensation

(evaporatlon)." The BET surface area is calculated from a multilayer

adsorption theory based on several assumptions and is derived from

equation (2).4

Ps 1 [C- 1] Ps
VA (Po - Ps) = VM C + VM C * Po

(2)

where VA is the volume of the gas adsorbed, Ps is the pressure of the gas,

Po is the saturation pressure at a given temperature (101.3kPa for N2 at

77K), Vm is the volume equivalent of adsorbed monolayer and C is the

constant related to the enthalpy of adsorption.

A specified partial pressure (P/Po 0.02 - 0.25) range of the isotherm is

selected and the isotherm data is used to calculate the BET surface area
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from equation 2 which assumes straight shape in that partial pressure

range (y = mx ± c where m and c are constants). The resultant straight

line with m (slope) and c (y-intercept) correspond to (C-1)/VmC) and

(l/VmC) respectively. The BET surface area expressed in m2/g is then

determined from equation 3.

(3)

where SSETis the BET surface area, NA is Avogadro's constant (6.02 x 1023
),

AM is the cross sectional area occupied by each adsorbed nitrogen molecule

(1.62 X 10-1 nrrr') and Mvis the molar volume (22414 mL).

2.2.3 Pore volume, Pore size and Pore size distribution
The total pore volume is calculated from the amount adsorbed at a relative

pressure close to the saturation vapour pressure when the pores are

completely filled. By using the total quantity adsorbed, the density of

condensed adsorbate and its total volume, the pore volume of the sample

can be determined. For nitrogen at 77 K, the conversion factor from the

amount adsorbed to the volume of liquid adsorbate is 0.0015468 at

standard temperature and pressure (STP).

The thickness-plot (t-plot) method is used for the estimation of micropore

volume and area, in which the volume of gas adsorbed, is plotted against

the adsorbate molecular film thickness. The thickness of the film is

calculated from either the Halsey equatlon? (4) or Harkins and Jura

equation" (5).
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1

[ ]

2
13.99 (4)

1

[ ]

1
5

t = 3.54x p
2.303 x log ~

(5)

where Ps is the sample pressure and Po is the saturation pressure.

The t-plot data is used to calculate y-intercept which when converted from

a gas volume to liquid volume results in micropore volume. The gradient of

the linear section is used to determine the micropore volume and surface

area based on equations (6) to (8).

Vmicropore = (0.001547) x (t-plot intercept) (6)

Smesopore = 1.547 x (t-plot slope) (7)

Smicropore = SBET - Smesopore (8)

The pore size distribution (PSD) of a material can also be determined from

the condensation within the narrow pores at a pressure less than the

saturated vapour pressure of the adsorbate. The Kelvin equation equation

(9) describes the relationship between the changes in vapour pressure

above the interface of a liquid cylindrical capillary with its radius (r).5

P 2yVM
In-= --

Po rRT
(9)

where P is the sample vapour pressure, Po is saturated vapour pressure, y

is surface tension, VM is molar volume, R is universal gas constant (8.3145

J K-1mor1), T is temperature and r is radius of droplet/meniscus.
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For nitrogen adsorbed at 77 K, the following values may be used; y= 8.85

m Nm-1, density = 0.807 g ern", molecular mass = 28.01 9 ern" and Vm =

34.71 ern! rnol' resulting in equation (10).5

Tk 0.415
-= - (10)

where rk is Kelvin radius, P and Po are sample and saturated pressure

respectively.

However, the Kelvin equation cannot be used directly to calculate the pore

size as it does not take into account that adsorption within mesoporous

materials occurs via multilayer adsorption followed by capillary

condensation. The Barrett, Joyner and Halenda method (BJH) is based on

the Kelvin equation and can be applied to calculated PSD with the

assumptions that the pores are cylindrical and the equilibrium between the

gas phase and adsorbed phase during desorption occurs via two possible

mechanisms: (i) by physisorption on the pore walls and (ii) adsorbate-

adsorbate capillary condensation within the inner capillary volume. At Po all

the pores are saturated, on decreasing pressure to Pl capillary evaporation

and a reduction of layer thickness occurs in the largest pore. On further

decreasing pressure to P2, capillary evaporation occurs in the second

largest pore with simultaneous reduction of layer thickness in both pores,

this process occurs repeatedly until all the pores are empty. Based on this

idea the BJH equation is developed where the first term on the right hand

side of equation (11) is capillary evaporation and the second term

describes the correction term.
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2 n-1
Tpn I Tpj - tjLlVn-

C
)2.Lltn • ....:...;..._--,- Apj (11)

Tkn + si; . Tpj
)-1

where Vpn is pore volume corresponding to the nthdesorption step; rpn is

pore radius corresponding to nthdesorption step; rkn is inner capillary

radius (Kelvin radius) corresponding to nthdesorption step; ~tn is reduction

in thickness of the adsorbed layer corresponding to nth desorption step;

INn is desorption volume of adsorbed gas corresponding to nth desorption

step; t is thickness of adsorbed layer on the pore surface; Ap is area of

each pore given by (Ap = 2Vp/rp).

For each desorption step, the average diameter of the pore which

undergoes capillary condensation is calculated from Kelvin equation and t-

plot equation:

(12)

where rp is average pore radius, rk is inner capillary (Kelvin radius) and tis

thickness of adsorbed layer on the pore surface.

P 13.99 (13)
log - = 0.034 - --

Po t2

where t is thickness of adsorbed layer on the pore surface, P is vapour

pressure and Po is saturation pressure.

P -4.14
log-= --

Po rk
(14)

where rk is inner capillary radius (Kelvin radius), P is sample pressure and

Po is saturation pressure.
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2.3 Thermogravimetric Analysis (TGA)
TGA is based on the very simple principle of monitoring the change in

weight of a sample as the temperature is varled.? The heating of a sample

is usually done in an inert or oxidising atmosphere, the resultant weight

changes over specific temperature ranges providing an indication of the

composition of the sample and thermal stability. The changes in

temperature can be programmed to include heating or cooling at a

specified rate, which can be fixed or varied and/or having an isotherm.

Thus, a tailored temperature program can be designed to specifically test

the material and the environment can be controlled by varying the

atmosphere (argon, nitrogen or air) under either static or flow conditions.

While the changes in mass can be linked to a particular thermal event,

such as oxidation, or loss of water of crystallisation, the step size on a

curve can easily be used for quantitative analysis. However, for more

complex thermograms or when changes are subtle, Differential Thermal

Analysis (DTA), i.e. the first derivative of the weight loss can be valuable in

interpretation.

The simultaneous use of TGA/DTA is advantageous and can be used for

determining properties such as oxidation, heat resistance, the amount of

water, compositional analysis and ash content in a sample.

2.4 Temperature programmed desorption (TPD) of
cyclohexylamine
Acidity was measured using established procedures in which thermally

programmed desorption of cyclohexylamine is used." The method involves

thermogravimetric analysis following adsorption of the base on the

catalysts. The number of acid sides capable of interacting with the base

after heat treatment at either 80 or 250 °C was thus determined. In a
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typical analysis the sample is exposed to liquid cyclohexylamine at room

temperature and kept overnight. One half of the sample is then put in an

oven at 80°C for 2 h to allow the base to permeate the sample. The

remaining half is transferred to an oven at 250°C for 2 h. Thermal

treatment at 250°C removes the base from the weak acid sites and is

therefore performed to determine the population of the medium and strong

acid sites.

TGA curves are then obtained for the cyclohexylamine containing samples

thermally pre-treated at either 80 or 250°C. The weight loss associated

with desorption of the base from acid sites (between 280 and 450°C) is

used to calculate the acid content in mmol of cyclohexylamine per gram of

the sample , assuming that each mole of cyclohexylamine corresponds to

one mol of the protons (H+).l1· 12 The following equation is used to calculate

the acid content:

A 'di: - (M280 - M4S0) * 1000 mmol/g (15)
CL L Y - M

280
99.18

where M280 and M450 is the percentage mass at 280 and 450°C

respectively, and 99.18 is the molecular mass of cyclohexylamine in g/mol.

2.5 Elemental analysis by X-ray fluorescence (XRF)
XRF is a non-destructive technique that is widely used for quantitative and

elemental analysis of materials. The technique works on the principles of

characteristic x-ravs being emitted from transitions involving K and L

electrons." This transition gives off an X-ray of fixed characteristic energy

that can be detected by a fluorescence detector. Because each element has

a unique set of energy levels, each element therefore produces x-ravs at a

unique set of energies, allowing a non-destructive determination of the

elemental composition of the sample.
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Typically the lightest element that can be analysed is Be (Z=4), but due to

instrumental limitations and low X-ray yields for light elements, it is often

difficult to quantify elements lighter than sodium (Z=l1). The instrument

in an XRF machine and its set up is able to measure minute shifts in the

position and the strength of the aluminium band in the spectrum. The

associated computer software is pre-calibrated to show Si/AI ratios directly

but repeat readings are taken to improve the accuracy of the results.

The fluorescent radiation can then be analysed based either on the

energies of the photons (energy-dispersive analysis) or by sorting out the

wavelengths of the radiation (wavelength-dispersive analysis). The

separated intensities are typical characteristic radiation for a given element

and the radiation is directly related to the amount of each element in a

material.

2.6 Fourier Transform Infrared (FTIR) Spectroscopy
The Infrared region broadly refers to that part of the electromagnetic

spectrum between the visible and microwave regions. However, mid-

infrared radiation with wavenumber range of 4000 and 400 ern? (30 - 2.5

urn) is generally used in this spectroscopic analysis due to the presence of

characteristic vibrational modes." Such bands provide useful structural

information by simple inspection and reference to the generalised charts of

characteristic group frequencies. Thus utilisation of IR spectra in

conjunction with other spectral data is a useful tool for determining

molecular structure. This technique is based on the possibility of separating

the energies of a molecule into three additive components associated with

the rotation of the molecule as a whole, the vibration of the constituent

atoms and finally, the electrons in a molecule."
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Conventionally, if a molecule of the material under investigation is placed

in an electromagnetic field, for instance light, a transfer of energy from the

molecule will occur in accordance to Bohr's frequency equation (16). The

resultant signal (interferogram) is usually converted from time-domain to

frequency-domain via Fourier Transform.

~E = hv (16)

where ~E is the difference between two quantized states, h is Planck's

constant and v is the frequency of the light.

The frequency or wavelength of absorption is dependent on the relative

masses of atoms, the force constant of bonds and the geometry of the

atoms. Assignment of frequencies can be approximated by application of

Hooke's Law in which two atoms and their connecting bonds are treated as

a simple harmonic oscillator consisting of two masses joined by a spring.

This is represented in equation (17), derived from Hooke's Law.B

v = _1_ , -:--~f__ - __ -:-
2lre (MxMy)/(Mx + My)

(17)

where V is the vibrational frequency (ern"), c is the velocity of light

(crn/s), f is the bond force constant (dyne/cm), Mx and My refers to mass of

atom x and atom y respectively. The force constant can be thought as a

measure of bond "stiffness" which correlates with properties such as bond

order and bond strength.

2.7 Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic spectroscopy (NMR) technique is now regarded as a

standard tool for probing the structure of compounds and also in obtaining

more information such as oxidation states, co-ordination number and bond
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angles in a static magnetic field.is The signal multiplicity and internal ratios

are pivotal in the identification of the structures of pure crystalline

materials. The remarkably high resolution spectra especially for carbon and

hydrogen are attributed to the use of high speed magic-angle spinning

(MAS) and multidimensional NMR.1S

Typically, MAS-NMR is used to perform experiments in solid-state

materials. This is because of the elimination of anisotropic effects such as

dipole - dipole interactions between the magnetic moments of nearby

nuclei which lead to broadening in the spectra. For such interactions, a

physical rotation of the macroscopic sample around an axis inclined at an

angle of 54.74°, the so-called magic angle, to the external field is required.

The mobility of the nuclei in liquid samples also creates an averaging

process, leading to an intrinsic elimination of line broadening related to

dipolar interactions. In addition, a wide variety of radio frequency patterns

allows decoupling of interactions in spin space. In this technique the

spinning speed is critical in increasing the MAS frequency in order to obtain

narrowed lines of the spectra.

27AI and 29Si solid state NMR spectroscopy are very useful techniques in

studying position of AI ions and condensation of siloxane units respectively.

Also, the latter technique is used in the identification of the structure of

silica, silicate and organo-silica compounds. They are classified according

to the number of oxygen atoms that are grouped around the silicon core.

The silicon atom can form four siloxane bridges whereby mono-, di-, tri-

and tetra-substitution are named with letters M, 0, T and Q respectively

allowing measurement and comparison of the local structures of the

network forming cation Si4+ (i.e. Q" groups). In which n represents the

number of oxygen atoms, linked to the silicon that are hydroxyl group(s).
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Due to different chemical environment, namely: Si(OHh(ORh,

Si(OH)l(ORh and Si(OR)4 designated Q2, Q3and Q4 respectively, each type

of the silicon shows a distinctive peak in a specific ppm range.

2.8 Electron Microscopy
Electron microscopy makes use of a beam of highly energetic electrons to

examine materials on a very fine scale. In this thesis, scanning electron

microscopy and transmission electron microscopy have been used to

characterise the prepared porous materials. SEM is mainly used to obtain

images of external morphology, quite similar to those formed by the eye.

In contrast, TEM probes the internal structure of solids and gives access to

microstructural or ultra-structural detalls.?

2.8.1 Scanning Electron Microscopy
A scanning electron microscope operates by accelerating a fine beam of

electrons (incident beam) ca. 1.0 urn in diameter onto a sample mounted

within a vacuum, specifically by scanning across the sample using scan

coils. When a focused beam of electrons is incident on a thick specimen, it

will be scattered many times until it effectively comes to rest. The strength

of scattering depends on its atomic number and is usually described in

terms of its atomic scattering factor, f.3 A number of signals are produced

including secondary electrons (SE), backscattered electrons (SSE) and X-

rays of which the first two can be collected by special detectors to form

SEM images.

The most widely used signal in SEM is that from SE (10 eV- 50 eV). Due to

their low energy, only the SE near the surface «10 nm) can exit from the

specimen making it possible to investigate the topography of the surface

features of the sample. Meanwhile, SSE imaging shows the spatial

distribution of the elements or compounds with the surface of the sample.
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SSE are not usually as numerous as SE but most of them carry very high

energies and because of this they are able to escape from deeper within

the interaction volume.

X-rays, which are also produced by the interaction of electrons with the

sample, may also be detected in an SEM equipped with energy-dispersive

or wave-length dispersive X-ray spectroscopic detector (EDX). The emitted

X-rays, after excitation on bombardment with high energy electrons,

possess elemental characteristic energies as the atoms return to their

ground state. However, this technique has limitations. It cannot detect

elements with atomic number lower than that of carbon and also x-ravs of

similar energies such as nitrogen and oxygen result in overlapping spectra.

2.8.2 Transmission Electron Microscopy
In transmission electron microscopy, electrons are transmitted through the

sample (typically < 100 nm thick), including elastic, inelastic and

unscattered electrons. Thus when an electron beam emerges from the

sample, it carries information about its structure. The obtained spatial

variation information is viewed by projecting the magnified electron image

onto a fluorescent viewing screen coated with phosphor/scintillator material

such as zinc sulphide or a charged couple device (CCD).3 Images can be

recorded on photographic film or digitised to be stored on computer.

Resolution of TEM is inherently limited primarily by spherical aberration.

However, a new generation of aberration correctors have been able to

partially overcome spherical aberration to increase its resolution. For

example, development of high resolution TEM (HRTEM) has allowed

processing of images with resolution below 5 nm at magnifications above

50 million ttrnes."
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Images in TEM can be obtained either by using directly transmitted or

scattered electrons. The regions imaged with the transmitted beam are

termed as bright field (BF), while those obtained by aligning a diffracted

beam down the optic axis of the microscope are referred to as dark field

(DF) as illustrated in Figure 2.3.17
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Figure 2.3 Schematic illustrations for the formation of (A) a bf diffraction

contrast image using directly transmitted beam and (B) a DF diffraction

contrast image, with the incident beam titled so that the scattered beam

remains on the optic axisY

There are three modes of contrast in TEM images, namely: (I) mass

thickness contrast, e.g. in amorphous samples, thick regions of the sample

and areas with a higher atomic number appear dark, (ii) diffraction

contrast, e.g. low index crystalline orientations of crystalline samples that

satisfy Bragg's diffraction also appear dark and (iii) phase contrast, this is if

the objective aperture is removed resulting in formation of images with
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contrast arising from constructive and destructive interference of electron

waves.

2.9 Gas adsorption
Physical adsorption of a gas on a solid substrate can be described in terms

of enrichment of gaseous molecules at the interface between the solid

surface and the gas phase. This process is governed by a combination of

attractive dispersive (or Van der Waals) interactions and short-range

repulsive interactions between the adsorbent and the adsorbate. These

forces arise from fluctuations in the electron density of one atom which

then induces another atom with order of magnitude in the range of

between 1.0 and 10.0 kJ/mol, which is approximately ten times lower than

for chemisorption. is Figure 2.4 shows the potential energy curves for a

hydrogen molecule as a function of the distance from the adsorbent, both

for dissociative adsorption (chemisorption) and for molecular adsorption

(phvslsorpttonj.v "
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Figure 2.4 Potential energy curve for chemisorbed and physisorbed

hydrogen as a function of the distance from the adsorbent surface with the

two minima curves corresponding to equilibrium distances for chemisorbed

(Ec) physisorbed (Ep).19

In physisorption there is no energy barrier to prevent the molecule

approaching the surface from entering the Ep well. This implies that if no

diffusional barriers are presents, then this process is non-activated and

therefore physical adsorption is characterised by fast kinetics. However, in

order for the hydrogen molecule to enter into chemisorbed atomic state, it

must overcome activation energy barrier, Ea
D is formed at the crossing of

physisorption and chemisorption curves as illustrated in Figure 2.4. Based

on the fast kinetics, this thesis explores physisorption of hydrogen and

carbon dioxide on porous carbons. Hydrogen is currently being studied
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intensively as an alternative energy carrier. This is because hydrogen is

considered environmentally benign. While the current intensive research on

carbon dioxide capture and storage is tailored towards prevention of CO2

concentration in the atmosphere rising to unacceptable levels.
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3.0 Experimental methodology
The aim of this chapter is to introduce and explain the experimental

pathways followed in the preparation of the study materials and describe

the protocols for the analytical techniques used to characterise the

prepared materials.

3.1 Introduction
The experimental procedures used for the synthesis, modification and

characterisation of the nanostructured porous materials presented in this

thesis are described in this chapter. Section 3.2 covers the hydrothermal

methods used for the synthesis of porous aluminosilicates, and provides

details of the equipment, chemical precursors and conditions of the

experimental procedures. Section 3.2 also describes the methods used to

assess hydrothermal stability of the porous aluminosilicates. Section 3.3

describes nanocasting procedures and focuses on the use of zeolites as

hard templates for the fabrication of porous carbons. Section 3.4 outlines

the procedure for incorporation of palladium nanoparticles into zeolite

templated carbons to generate Pd-doped carbons.

Section 3.5 describes a two-step templating method that combines Liquid

Impregnation (LI) and chemical vapour deposition (CVO) in an attempt to

prepare high surface area carbons. Section 3.6 describes a chemical

activation technique used to modify carbon aerogels. Finally, section 3.7

provides details of the techniques used for chemical, structural and surface

characterisation and gas sorption measurements of the study materials.

3.2 Hydrothermal synthesis technique (HS)
Nucleation of precipitates from an aqueous precursor solution is the

ultimate stage in the reaction stages of HS, apart from induction period

and crystal growth. Therefore, the whole process of HS can most
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adequately be described as a mechanism based on the solution-mediation

model with or without having a visible liquid phase. Consequently, this

section will provide a detailed stepwise procedure for the synthesis of

porous aluminosilicates. To enhance preparation of consistent reaction

products, a standard 200 ml capacity stainless steel pressure autoclave

lined with Teflon autoclave was used in all the reactions.

3.2.1 Chemicals
The following chemicals were used as supplied: Sodium hydroxide (NaOH)

from Fisher SCientific, aluminium isopropoxide (AlP) 98+% from Aldrich,

tetraethyl ammonium hydroxide (TEAOH) 20 wt% in water from Sigma-

Aldrich and tetraethyl orthosilicate ~98.0% from Fluka.

3.2.2 Synthesis of porous aluminosilicates
The aim of this part of the thesis was to prepare mesoporous

aluminosilicates from recipes that are typically used for the synthesis of

zeolite BEA. In a typical synthesis", 0.3 g of NaOH and 2.7 g of aluminium

isopropoxide were dissolved in 33 mL of water by stirring at room

temperature, followed by addition of 71 g of tetraethyl orthosilicate and 84

g of tetraethyl ammonium hydroxide (20 wt% in water) to give a gel of

molar composition 0.57 NaOH : 9 TEAOH : AI : 25 Si : 420 H20, which was

placed in a Teflon-lined autoclave and heated at 100 °C for 8 days. The

solid product was obtained, without washing, by drying in a fume hood

under atmospheric conditions and then either directly calcined in static air

at 550°C for 4 h, or washed (stirred) in boiling water for 3 or 5 h and dried

before calcination. The synthesis scheme is shown in Figure 3.1. The

sample prepared and calcined directly without washing was designated as

MZBN-x (where x is the aging temperature). Three samples were washed

(stirred) in boiling water before calcination and designated as follows:

MZBN-xw3h (washed in 200 ml water for 3 h); MZBN-xw3hd (washed in
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100 ml water for 3 h) and MZBN-xwSh (washed in 200 ml water for 5 h).

Five more sets of samples were prepared as described above but at

crystallisation temperature of 25, 50, 80, 135 and 150 QC in order to

elucidate the effect of crystallization temperature on the properties of the

materials. The direct calcination and washing/calcination regime was as

described above. The sample prepared at 100 QCand it is derivatives are

herein denoted as MZBN-100 for calcined without washing, MZBN-w3h for

washed for 3h in 200 ml water, MZBN-w3hd for washed for 3h in 100 ml

water and MZBN-wSh for washed for 5 h in 200 ml water.

I
L

Figure 3.1 Reaction schemes for the hydrothermal synthesis of porous

aluminosilicates using a zeolite BEA recipe.
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3.2.3 Assessment of hydrothermal stability
The hydrothermal stability of calcined MZBN-x materials prepared at 100

°C was tested by refluxing the samples in boiling water for 6 or 120 h at a

water-to-sample ratio of 1L/g. The designation of the refluxed samples was

prefixed with R; for example refluxed MZBN-100 was designated as

RMZBN-100. Subsequent samples washed prior to calcination followed by

refluxing as above were designated RMZBN-100w3hd and RMZBN-100w5h.

3.3 Synthesis of nanostructured templated carbons
via nanocasting routes
The concept of hard template carbonization has been used to investigate

two synthesis strategies for the preparation of porous carbonaceous

materials which are described in detail in respective sections below. The

reaction setup shown in Figure 3.2 is a typical scheme for chemical vapour

deposition. The apparatus consists of an alumina tube (1-2 inches in

diameter) inserted into a tubular furnace capable of maintaining ± 1 °C

over a range of 25 cm zone'. Conventionally, the formation of carbons

involves an inert gas saturated with a hydrocarbon flowing through the

tube with or without a catalytic substrate inside. The high temperature in

this reaction causes activation and decomposition of the hydrocarbon

feedstock and subsequent carbon deposition.

Figure 3.2 Reaction setup for chemical vapour deposition (CVD) and

chemical activation procedures.
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3.3.1 Chemicals
Zeolite Y with a Si : AI ratio of 2.55, commercially known as CBV100, from

Zeolyst International and acetonitrile (Fisher Scientific) were used as

received as a hard template for carbon fabrication. Other chemicals were:

hydrofluoric acid (48-51%, Acros Organics) and hydrochloric acid (36.5%,

Fisher Scientific). Nitrogen and Argon cylinders for the chemical vapour

deposition process were procured from BOC Ltd and used as received.

3.3.2 Porous carbon templating using zeolite Y
The templating of porous carbons using zeolite Y followed established

procedures as follows." 4 Briefly, 0.5 g of Zeolite Y in an alumina boat was

placed in a flow through tube furnace, which was then heated to 800, 850

or 900 DCat a ramp rate of 5 DC/min under nitrogen or argon flow. Once

the target temperature was reached, a flow of N2/Ar saturated with

acetonitrile as carbon precursor was passed through the furnace for 3 h. In

order to improve the structural organisation, as evidenced by Ma and Co-

workers.P a final step of heat treatment at 900 DCfor 3 h under a flow of

N2/Ar was performed. The temperature regimes and gas flow conditions are

summarised in Figure 3.3 The resultant zeolite/carbon composites were

allowed to cool down to room temperature under N2/Ar flow and then

washed with 10% HF for 24 h. The resulting carbon was filtered and

washed with copious amounts of distilled water and then further refluxed in

excess HCI (35%) at 60°C for 6h to ensure complete removal of the zeolite

framework followed by washing with distilled water and air-drying at 120
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Figure 3.3 A plot representing the temperature programme used for the

nanocasting of porous carbons; A (purge with Ar/N2 for 30 min.), B (ramp

at 5 °C up to the target temperature under Ar/N2), C (target temperature -

carbonisation process for 3 h), D (heat treatment temperature for 3 h

under Ar/N2) and finally E (cooling under Ar/N2 environment). Key: RT

(Room Temperature), TT (Target Temperature) and HHT (Heat-Treatment

Temperature).

Carbons samples inversely generated from zeolite Y were designated

ZTCxy where x is the CVD temperature (800, 850, and 900 QC) and y is the

carrier gas (Argon or Nitrogen). An extra sample derived from zeolite Y at

CVD temperature of 800°C following the procedure described above but

with step B in figure 3.3 having a ramp rate of 15°C/min instead of 5

°C/min was denoted ZTC800A*

3.4 Supercritical carbon dioxide mediated
incorporation of Palladium nanoparticles into
zeolite templated carbon ZTC800A
Pd incorporation into high surface area zeolite templated carbons was

investigated as a way of enhancing hydrogen storage. The introduction of

Pd nanoparticles into the ZTCs should ensure that the high surface area

and pore size/distribution of the ZTCs remain unchanged so as to provide

better understanding of the mechanism through which any enhancement of
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hydrogen storage is achieved without reference to changes in textural

properties.

3.4.1 Chemicals
ZTC800A carbon (prepared in section 3.3.2) and Palladium

hexafluoroacetylacetonoate, Pd(hfah (Sigma Aldrich) were used as a

substrate and Pd nanoparticle precursor, respectively. Other chemicals

used in this section include Hydrogen gas (research grade (BOe» and

carbon dioxide (BOC).

3.4.2 Palladium loading procedure
In order to introduce Pd nanoparticles into zeolite templated carbons

prepared is section 3.3.2, a procedure previously reported by Wai and co-

workers" for the deposition of metal nanoparticles on functionalised multi-

walled carbon nanotubes via supercritical hydrogenation of COrphillic

precursor was followed. Thus, ZTC800A and ZTC800A* were impregnated

with palladium nanoparticles using the experimental set-up illustrated in

Figure 3.4.
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Figure 3.4 Schematic representation of the experimental set-up for the

introduction of palladium nanoparticles in the ZTC using scC02 as a solvent

and Pd(hfah as precursor.

In detail, ZTC (prepared as described in section 3.3.2) were mixed with

Pd(hfah complex and loaded in glass vials and transferred into a high

pressure stainless steel autoclave. The target loading of Pd nanoparticles in

was varied between 0.2 mg and 4.0 mg range as shown in Table 3.1. The

autoclave was heated to 40°C, closing valve v-1 and opening the rest.

Hydrogen gas at 80 psi was allowed to flow through the system for 30 min

to expel any air inside. After flowing through hydrogen, valves V-H2and v-3

were closed and the reactor evacuated. Afterwards, valve v-4 was closed

and simultaneously v-1 opened to add CO2to the mixer (H2+C02) at 40°C

and a pressure of 1160 psi. Then valve v-2 and v-3 were opened in order

to force the mixture into the reactor, which was left undisturbed for 30

min. The temperature was raised to 80°C and maintained at this

temperature for 10 min to allow the Pd(hfah reduction process. The heater
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was then turned off, allowed to cool down, and flushed with CO2 for a

further 10 min. The Pd-doped carbons were then recovered.

Table 3.1 summary of Pd-Ioaded zeolite templated carbons prepared using

pd(hfa)2 as pd precursor and scC02 as a solvent, aZTCs designated as

ZTC8 and ZTC8* are in section 3.3.2 previously denoted as ZTC800A and

ZTC800A *, respectively.

Sample Pd/wt
(mg)

ZTC8 a

ZTCBPd-0.2 0.2

ZTC8Pd-OA 004

ZTC8Pd-0.B O.B

2.0ZTC8Pd-2.0

ZTCB*Pd-4.0 4.0

3.S Synthesis of high surface area carbons using a
combination of liquid impregnation and chemical
vapour deposition
Zeolites provide a great variety of unique nanochannels as well as well-

defined nanospaces that may be utilized for generating inverse replica

carbon materials with controlled textural properties and morphologies.

Previous work by the groups of Mokaya and Kyotani focused on the

preservation of the structural regularity of zeolite in the generated carbons.

The concept of template carbonisation is represented in Figure 3.5. 7
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Organic/inorganic Carbon/inorganic
composite composite

Carbon

Figure 3.5 Schematic representation of the hard template carbonisation

route for the synthesis of porous carbons."

In this section, the main focus is the generation of high surface area

carbons through the combined advantage of LI and CVD. In addition the

mechanical stability of the resultant carbons was assessed by mechanical

compaction and compared with commercially activated carbon (AX21) as a

baseline material for compaction.

3.5.1 Chemicals
The following chemicals were used as supplied without modification; zeolite

13X and furfural alcohol. All the other reagents are as described in previous

sections.

3.5.2 Zeolite templated carbons prepared via two-step
synthesis
Three carbon samples were prepared using different heating ramp rates."

In summary, 0.6 9 zeolite 13X was dried in the furnace at 300°C for 12 h

before being impregnated (incipient wetness method) with furfuryl alcohol.

The resulting FA/zeolite composite was placed on an alumina boat and

transferred into the flow through tube furnace and polymerised under

argon flow at 80°C for 24 h followed by 150°C for 8 h. In order to allow

the carbonisation of polymerised furfural alcohol (polyfurfuryl alcohol), the

temperature was ramped at 5°C/min to 700°C and held for 3 h under Ar
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flow. The resulting zeolite/carbon composite was then exposed to ethylene

gas (10% in Argon by volume) at 700 QCfor 3 h. The gas flow was then

switched to Ar flow only and the temperature of the furnace was raised to

900 QCand held for 3 h followed by cooling under Ar to room temperature.

The heating regime is illustrated in Figure 3.6. The resulting zeolite/carbon

composite was treated in 10% HF for 24 h, washed and then refluxed in

36.5% HCI for 6 h. The final carbon was then washed with deionised water

and dried at 120 QCfor 12 h. Here after the resulting carbon sample is

denoted as FA-ZTCl. Two other samples designated as FA-ZTC2 and FA-

ZTC3 were prepared as described above except for a heating ramp rate of

10 and 15 QC/rntn, respectively.

700;;"-'-'-"-
""""

"0"Ti' --._--_-

"""".
".'
"
".'
"
"

"""
".'
"
".'.'"

150 ',,;,"""_"_'_"_"_'_ ...."._ ---'

8(}1.:.-----=rr=-----f
RT III

.
: IV: V ":: VI: VII

Figure 3.6 A plot illustrating the heating regime for synthesis of FA-ZTCx

carbon samples: I - purge with Ar at room temperature for 30 minutes, II -

treatment at 80 Qcfollowed by III - at 150 Qcto polymerise furfuryl alcohol

in the zeolite channels, IV - first step carbonisation of polyfurfuryl alcohol,

V - second step carbonisation via CVD with ethylene gas, VI - heat

treatment and finally VII -cooling step under argon.

3.5.3 Post-synthesis modification of FA-ZTCx via
compaction to assess mechanical stability
To probe the effect of pressure on the textural properties and morphology

of the zeolite templated carbons, they were compacted at two different
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pressures (5 or 10 Tons) for 10 min. Briefly, ca 35 mg of the carbon was

loaded into a pressing unit which was then compacted at 5 or 10 Tons. The

compacted samples were denoted as C5-FA-ZTCx and ClO-FA-ZTCx for

compaction at 5 and 10 Tons, respectively. Commercially available

activated carbon (AX21) was also compacted and used as a baseline

material for compaction studies under similar conditions. The compacted

AX21 samples were denoted C5-AX21 and C10-AX21.

3.6 Inorganic metal salt templating of carbon
aerogels
The effect of metal salt templating on the morphology and textural

properties of carbon aerogels before and after activation was investigated.

The textural properties of the CaCl2-templated and activated carbon

aerogels were compared with the properties of conventionally synthesised

and activated aerogels.

3.6.1 Chemicals
The following chemicals were used as supplied without any modification:

2,4,6-Triamino-l,3,5-triazine (Melamine), hydrochloric acid and sodium

carbonate from Fisher Scientific while formaldehyde (37%) and calcium

chloride were obtained from Sigma-Aldrich.

3.6.2 Preparation of carbon aerogels via metal salt
templating
The salt templating procedure is described stepwise in Table 3.2. Chemical

activation of the aerogels was performed by mixing the carbon aerogel with

KOH at a carbon/KOH weight ratio of 1 : 4. The mixture was ground

together to attain a homogeneous sample which was loaded on an alumina

boat and placed in a flow-through tube furnace followed by heat-treatment

at heating ramp rate of 3°C/min under nitrogen gas flow to the activation

temperature (600, 700, and 800 0c) and held for lh. The synthesis and
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activation procedure is illustrated in Figure 3.7. After cooling down under

nitrogen flow, activated samples were obtained and washed with 2M HCI

under stirring at room temperature to remove any inorganic salts formed

during the activation stage, followed by copious deionised water until a

neutral pH was attained. Solid materials were obtained by filtration and

finally dried in the oven at 120 °C. The samples obtained were denoted as

14AC-Ca-CAMF800-x (where x is 6, 7 and 8 corresponding to activation at

600, 700 and 800 °C, respectively.

Table 3.2 Metal salt (CaCI2) templating step-wise procedure of carbon

aerogels derived from melamine-formaldehyde (MF) resin.

Chemicals Quantity

Melamine 4.2 g

37% 19.4 g
Formaldehyde

Water 15.0 g

NaZC03(aq) O.lM

Procedure

1- -----+----..., with pH of 8.5 Condensation reaction was
was heated at initiated by adjusting pH to

1-- -+ -:----; 40°C to obtain 4.5 by HCI addition. The
a clear solution solution was then heated
in which at 60°C for lh, during
hexamethylome which a MF resin/calcium
lamine (MF) chloride composite was

CaClz
(Template)

33.6 g

HCI(aq) 1.0M

CaCI2/MF ratio of 2.The mixture

was formed.

(xCa-CAMFx =

temperature

carbonisation)

of
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The resultant carbon aerogels carbonised at 700, SOD and 900°C were

designated as Ca-CAMF700, Ca-CAMFSOO and Ca-CAMF900, respectively.

The use of CaCI2 as a 'porogen' in this work is advantageous in that, it is

cheap and soluble in water. Therefore, the metal salt template is easily

removed by washing with deionised water at ambient conditions, resulting

in nanostructured porous materials.

Hexamethylo
melamine eMF)

o Melamine 1
o Formaldehyde
o Water pH 8.5/40 °C

I. Dried and cured at 180°C for 6 h
II. Carbonisation at 700, 800 or 900°C

under nitrogen flow for 2 h
III. Washedwith delonised water

J

1.0M HCI(aq)
MF resin /CaCI2 I",
composite !~ 60 0C for 1 h

----......~
Black carbon 1
aerogel
(Ca-CAMFx)

- ---
Figure 3.7 Schematic representation of metal salt templated preparation of

carbon aerogels.

In order to assess the effect of salt templating on the textural properties

and morphology on the resultant activated carbon aerogels, a second set of

activated carbons were prepared from the conventional melamine-

formaldehyde and resorcinol-formaldehyde resins. The carbon samples

prepared from resorcinol-formaldehyde resin (CACR) were designated

12AC-CACRx while those from melamine-formaldehyde resin were denoted

12AC-CAMFx (where x is the activation temperature of 600, 700, 800 or

900°C while 12 means carbon: KOH ratio of 1: 2).
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3.7 Characterisation techniques
The first part of this section outlines the experimental setup used in

material characterisation, while the second part concentrates on gas

sorption measurements of the prepared porous solids.

3.7.1 Characterisation techniques
I. Powder XRD analysis was performed using three different

diffractometers:

• XRD analysis of MZBN-100 series of aluminosilicates and zeolite

templated carbons was performed with a Phillips 1830 powder

diffractometer with a 0.02 step size and 2 s step time.

• In order to elucidate structural ordering in the low angle region XRD

analysis was done on a Bruker AXS 08 Advance with 0.0070 step

size, and 2 s step time for 29 between 0.5 and 5°.

• Pd-loaded ZTCs and carbon aerogels were analysed on a PANalytical

X'Pert PRO diffractometer with Cu-Ke. Powder samples were

mounted on silicon coated zero background holder and placed on a

pinner stage (rotation of 2 cycles per second) with measurements in

the 29 = 0.65 - 600 range.

All the three power diffractometer used Cu-Ke radiation (,\= 1.5418 .&.)

with the standard operating power of X-ray tube set at 40kV and 40mA.

II. Nitrogen sorption isotherms and textural properties of the prepared

materials were analysed at 77 K and 87 K using nitrogen gas on a

conventional volumetric gas adsorption equipment namely Micrometrics

ASAP 2020 sorptometer. Before analysis, the samples were oven dried at

100°C and evacuated overnight at 160 and 200 "C for aluminosilicates and

carbonaceous materials respectively under a vacuum. The surface area was
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calculated using the BET method based on adsorption data in the relative

pressure (P/Po) range 0.02-0.25 while the total pore volume was

determined from the amount of nitrogen adsorbed at P/Po= ca 0.99.9,10 For

calculation of the surface area range, the partial pressure range selection

was based on reports which indicate that using P/Po= 0.01-0.05

overestimates the surface area while P/Po= 0.1-0.3 can underestimate the

surface area.4,70 Pore size distribution (PSD) was determined using the

Barrett-Joyner-Halenda (BJH) method applied to the adsorption branch

of the isotherm. The PSD was also assessed via a Non Local Density

Functional Theory (NLDFT) method using nitrogen adsorption data, and

assuming a slit pore model. The microporosity was determined by

performing t-plot analysis of the sorption data.

III. Thermogravimetric analysis (TGA) was performed using a SDT

Q600 TGA Analyser (from room temperature up to 1000 °C at a heating

rate of 10 °C/min) in static-air environment. The acquired data were

converted to Microsoft excel by in built TA Instruments Universal Analysis

software.

IV. Elemental Analysis - X-ray Fluorescence (XRF) was used to

determine silica to alumina ratio in the aluminosilicate samples on a Philips

MiniPal PW4025 XRF instrument.

V. Fourier Transform Infrared (FTIR) spectroscopy spectra were

obtained on a Bruker optics TENSOR 27 series FT-IR spectrometer. The

samples for analysis were prepared at an aluminosilicate: KBr weight ratio

of 1: 300 and pressed briefly at 5 Tons into a thin disk suitable for IR

analysis.
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VI. Nuclear Magnetic Resonance (NMR) spectra were obtained

on a Varian Unity !nova 300 MHZ spectrometer run by EPSRCSolid-State

NMR service at the Durham University (UK). 29Si MASNMR spectra were

acquired at silicon-29 frequency of 59.56 MHz, acquisition time of 30 - 50

ms, total spectral width of 30 kHz, recycle delay of 30 s, and a MAS rate of

5.1 kHz. 27AIMASNMR spectra were acquired at a frequency of 104 MHz,

acquisition time of 10 ms, recycle delay of 0.1 s, spectral width of 416 kHz

and a MAS rate of 14.0 kHz.

VII. TPD of cyclohexylamine was used to probe the acidity of

calcined aluminosilicates. Approximately 10 mg of calcined aluminosilicates

were exposed to liquid cyclohexylamine (CHA) at room temperature and

kept overnight. The CHA-containing materials were transferred into an

oven at 80°C for 2 h so as to allow the base to permeate into the samples.

TGA curves were then obtained for the CHA-containing samples. The mass

loss associated with desorption of the base from acid sites was used to

calculate the acid content in mmol of CHA per gram of sample. The main

assumption is that each acid site [H+]11-13interacts with one base molecule.

To obtain the content of strong acid sites, the CHA-containing samples

dried at 80°C, were further heated in an oven at 250°C for 2h prior to TGA

analysis.

VIII. Scanning Electron Microscopy images were recorded using

an FE! XL30 Microscope. The samples were mounted using a carbon

double-sided conductive sticky tape. A thin (ca. 10 nm) coating of platinum

sputter was deposited onto the samples to reduce the effects of charging.lo

IX Transmission Electron Microscopy (TEM) micrographs were

recorded on photographic films, developed and fixed on a JEOL 2000-FX

with a LaB6 filament operating at 200 kV. The plate negatives were then
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rinsed in water, dried at room temperature followed by scanning on an

EPSON scanner. The scanned black and white images at a resolution of

1200 dpi were saved as JPEG files. In addition, High Resolution

Transmission Microscopy (HRTEM) images were taken on a JEOl 2100F

equipped with a Gatan Imaging Filter (GIF) and Gatan double tilt heating

holder (field emission electron gun source, information limit 0.19 nrn)!" at

room temperature and recorded using a CCD camera, processed using

Gatan Digital Micrograph 15 software and saved as DM3. Sample

preparation involved ultrasonic dispersion of the solid powders in ethanol

followed by several drops being cast onto copper-grid mounted 'holey'

carbon films.

3.7.2 Gas sorption measurements
I. Hvdrogen uptake measurements were gravimetrically obtained

on an Intelligent Gravimetric Analyser (IGA-003 Analyser Hiden Analytical;

UK). The hydrogen storage capacities for porous carbonaceous materials

were analysed using established procedures. 10, 16, 17 Typically, 20 to 40 mg

of the sample was loaded in the analyser represented in Figure 3.9 capable

of measuring weights with a resolution of ±0.02 jJg over the pressure

range of 0-20 bar. Pd-free and Pd-Ioaded samples were degassed at 200 QC

and 160°C respectively for 12 h under vacuum (10-6 up to 10-8 bar) before

analysis. Ultra high pure hydrogen (BIP 99.9999%) uptake was then

gravimetrically determined by measuring wt% increase with increase in

pressure from 0 bar to a maximum of 20 bar (adsorption) followed by

desorption on decreasing pressure from 20 bar to 0 bar at 77K (under a

liquid nitrogen bath). The hydrogen uptake data were rigorously corrected

for the buoyancy of the system and the samples using carbon density (1.5

g/cm3) and hydrogen density (0.04 g/cm3). In addition, the Isosteric heat

of adsorption (Qst, kl/mol) was determined from hydrogen adsorption
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isotherms under liquid nitrogen (77 K) and liquid argon (87 K)

temperatures based on the Clausius-Clapeyron equation:

Qst = _R[8 In(p)]
8 (liT) 8

(1)

where 8 is the fraction of the adsorbed sites at a pressure P and

temperature T; R is the universal gas constant.

L-

Bu
10
(1)

L- L-
(1) ....
.... _r:
COl:::J._
0(1)u~

Figure 3.8 Schematic representation of IGA-003 sample chamber and

counter weight.

Langmuir plots were used to estimate the maximum hydrogen (%wt) at

77K using the equation;

p

W

1 1
= +-r P +

Wo Wo·K
(2)

where W is the degree of adsorption at Pressure P, Wo is the saturated

adsorption and K is a coefficient constant.

II. Carbon dioxide adsorption measurements were performed

using an SDT Q600 Thermogravimetric Analyser under a stream of CO2 at
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25°C. The samples (ca. 10 mg) were heated at a ramp rate of 15°C/min

under a stream of nitrogen gas (flow rate of 50 rnl/rnin) up to 250°C (AB

in Figure 3.9) and held for 2 h (BC) in order to remove adsorbed gaseous

molecules including water. The sample was then allowed to cool down (CD)

under nitrogen flow to 25 QCand held for 10 min after which the gas was

switched from N2 to CO2 for 3 h (DE) to allow CO2 uptake to be recorded

according to the weight variation.
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Figure 3.9 A plot representing temperature programmes for CO2 adsorption

measurements at 1 atmosphere.

3.8 Summary
The experimental methods discussed in this chapter were the actual

protocols followed for the synthesis, post-synthesis decoration/modification

and characterisation of aluminosilicates and carbonaceous materials Also,

the procedures followed for gas sorption measurements have been

described in detail outlining the key parameters.
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Chapter 4.0: Preparation of Mesoporous Zeotype
Aluminosilicates using Zeolite BEA recipe

4.1 Abstract
This chapter explores the preparation of mesoporous aluminosilicates using

synthesis conditions that are normally used for preparation of crystalline

zeolites. The key to the formation of a mesostructured material is the use

of a relatively low crystallisation temperature and in particular the

Si/TEAOH ratio in the synthesis gel. Careful setting of these key synthesis

parameters allowed the formation of aluminosilicate materials that possess

tuneable mesoporosity with surface areas of 500 to 850 m2/g, pore

volumes in the range of 0.35 - 1.5 cm3/g and pore size between 2.5 and

14.0 nm. Depending on the synthesis conditions, the resultant

aluminosilicates exhibit strong acidity and are hydrothermally stable with

potential applications in catalysis.

4.2 Introduction
Zeolites and zeotype molecular sieves belong to the microporous class of

porous materials. Since their discovery, as discussed in chapter 2.2, they

have continually attracted attention in the fields where molecular

recognition is required, e.g. catalysis, ion-exchangers, chemical sensing

and separation among the growing list of applications. The extensive usage

in acid-catalvsed reactions for the production of petrochemicals and fine

chemicals is due to their attractive features such as high thermal and

hydrothermal stability as well as tuneable acidity and pore size. However,

the pore size of zeolites (pore diameters 0.4 - 1.0 nm with 12 T-atoms)l

has been a great barrier in reactions involving bulky reactants or those

generating bulky products. This raises the need for zeolitic materials that

extend pore dimensions beyond the current shape/size selectivity limits.
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Mesoporous materials, with larger pores than conventional zeolites can be

prepared via a variety of supramolecular templating methods where arrays

of surfactant molecules are used as structure dlrectors.? For example, UTD-

1 (14-membered ring size) reported by Davis and co-workers possesses

good acidity and thermal/hydrothermal stabtllty." This is attributed to their

crystalline pore walls (frameworks) that are ordered at the atomic level,

which contrasts with most of the mesoporous aluminosilicas that have

amorphous pore walls." 5 The amorphous mesoporous aluminosilicas have

relatively low acidity and hydrothermal stability which limits their industrial

applications in catalytic reactions.

In order to enhance acidity and hydrothermal stability of mesoporous

materials, several strategies for introducing some crystallinity into the pore

walls have been developed, including dual templattnq" and secondary

crystallisation of mesoporous molecular sieves.7,8 Furthermore, the use of

preorganised zeolite building blocks has been a centre of focus. For

example Pinnavaia and co-workers reported steam stable aluminosilicate

mesostructures assembled from zeolite (Y, ZSM-S) seeds.?: 10 Post-

synthesis treatment of conventionally prepared zeolites and zeotype

aluminosilicates provides a different route to achieve the desired

framework composition and properties.'! Given that no method has so

been identified that generates all the required properties, the search for

new types of materials which combine the advantages of mesoporous

molecular sieves and zeolites is on-going.

The main difficulty encountered in the preparation of aluminosilicas via

supramolecular templating is inability to generate crystalline

aluminosilicate frameworks. Although the formation of crystalline

supramolecular-templated silica-surfactant mesophases has been reported
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in a number of studies12-17 their transformation into template free

crystalline materials often fails. The formation of mesoporous silicate

materials is, however, not limited to supramolecular templating.

Mesoporous silicate composites may be prepared using small organic

molecules as "structure-directing agents", wherein the mesoporous

structure formation mechanism is different from that which applies for

supramolecular templates.l":" However, in most cases the resulting

materials are composites made up of zeolite crystallites embedded in a

disordered mesoporous matrix.

Given the large number of variables to explore, zeolite synthesis is

expected to be an expanding field for high quality zeolite and zeotype

crystals preparation. The modification of existing methods as well as the

development of new compositional and synthesis methods will playa vital

role in the discovery of new zeolite and other nanostructured porous

materials. Such new ideas will result in zeolites that have distinct

framework types. However, simple methods to control the parameters in

zeolite synthesis have remained as one of the major challenges. The

current sclentiflc and technological effort into zeolite synthesis is therefore

directed towards understanding how zeolites crystallise, to characterise

their structures and invent new methods to modify properties. This will

increase their utility and produce an ever growing list of new applications

for these fascinating materials.

The work presented in this chapter explores the preparation of mesoporous

aluminosilicates using template molecules and synthesis conditions that are

conventionally used for the preparation of crystalline zeolites. The aim is to

achieve the formation of mesostructured aluminosilicates that exhibit

properties associated with zeolites such as strong acidity and
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thermal/hydrothermal stability. The composition of the synthesis gel and

preparation conditions (i.e. recipe) used are similar to those known to

generate zeolite BEA23 as detailed in section 3.2. This chapter describes the

successful preparation of strongly acidic and hydrothermally stable

mesoporous aluminosilicates designated as MZBN-x (where x is the

crystallisation temperature in 0c). The synthesised aluminosilicate

materials exhibit properties that suggest that they have potential for use as

acid catalysts or catalyst supports.

4.3 Results and Discussion
This section reports the synthesis of mesoporous aluminosilicates at

variable crystallisation temperatures with subsequent post-synthesis

modification by washing. Also reported here is the use of a higher ratio of

Si02 : TEAOH i.e. ratio of 4 instead of 2.8.

4.3.1 Mesostructural and framework ordering
The powder XRD patterns of mesoporous aluminosilicates synthesised at

100°C (designated MZBN-100) before and after calcination are shown in

Figure 4.1 A and respective basal spacing (dlOO)is given in Table 4.1. The

XRD patterns of as-synthesised MZBN-100 shows a peak at low 28 value

(ca. 1.7°) which is attributed to mesostructural ordering with a basal

spacing of 5.2 nrn. Moreover, a further weak peak is observed at 28 = 7°,

which is a position similar to that of (100) and (101) diffractions of zeolite

~. The presence of this latter peak indicates either the formation of zeolite

~ crystallites or the presence of zeolite building units in the as-synthesised

MZBN-100 sample. Likewise, the XRD pattern of calcined MZBN-100

indicates retention of the rnesostructural ordering (peak at 28 value of

1.8°) with a dlOOof 4.9 nm. Thus calcination induces slight contraction of

ca. 5% of the as-synthesised sample. This represents a very low level of
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calcination-induced contraction, which is ascribed to a high level of silica

condensation for as-synthesised silicate framework. On the contrary, the

peak at 28 = 7° for the calcined MZBN-100 sample is not well resolved,

which suggests the thermal destruction or diminution of any zeolite 13

crystallites or zeolite building units. However, it has been reported that

zeolite 13 crystallites are stable upon calcination,24-28thus the absence of a

well resolved peak at 28 = 7° appears to rule out the presence of such

crystallites in the MZBN-100 samples.
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Figure 4.1 Powder XRD patterns of (a) as-synthesised and (b) calcined

MZBN-100 aluminosilicate materials prepared from a zeolite BEA recipe at

100°C; (A) directly calcined (sample MZBN-100), (B) washed for 3 h

before calcination (MZBN-100w3h) and (C) washed for 5 h before

calcination (MZBN-100wSh). (a') and (b') in (b) are for sample MZBN-

100w3hd which was washed in 100 ml water.
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Table 4.1 Composition, textural properties and acidity of mesoporous

aluminosilicate materials prepared from a zeolite BEA recipe at a

crystallisation temperature of 100°C.

Sample Si/A Basal
I spacing
ratio (nm)"

Surface Pore
area volume
(mZ g-1) (cm" g-1)b

Pore
size
(nm)"

Acidity
(mmol
CHA/g)d

MZBN-100 2.5 (3.5)18.6 4.9 (5.2) 527 0.37 (0.06)

RMZBN-100 13.8 541 0.43 (0.05) 3.4 (4.6)

0.56 (0) 3.0 (4.2)MZBN-I00w3h 9.4 (10.0) 667

760 4.1 (5.0)RMZBN-IOOw3h 0.81 (0)

MZBN-IOOw3hd 16.9 8.3 (8.8) 649 0.78 (0.04) 5.2 (6.2)

1.08 (0.05) 6.2 (6.7)

0.96 (0.09) 7.2
(6.8/8.7)

1.48 (0.12) 8.1
(7.1/8.8)

RMZBN-IOOw3hd 12.7 748

MZBN-I00w5h 15.9 12.6 625

RMZBN-100w5h 12.3 838

0.28 (0.28)

0.47 (0.47)

0.22 (0.20)

0.66 (0.65)

0.22 (0.22)

0.58 (0.53)

0.23 (0.23)

0.80 (0.80)

aValues in parentheses are the basal spacing of as-synthesised materials.

t>-rhe data in parentheses are 'rrucropore volume, cpore size maxima

obtained using NLDFT analysis and dstrong acidity values after evacuation

at 250 °c

Figure 4.1 Band C show the XRD patterns of the MZBN-I00 derivatives

that were washed (magnetically stirred) in boiling water at atmospheric

conditions and dried prior to calcination. For materials washed for 3 h

(MZBN-IOOw3h and MZBN-100w3hd), both the as-synthesised and

calcined samples exhibit a well resolved peak from mesostructural ordering

at 28 value of ca. 1.8°. The basal spacing for as-synthesised samples

increases from 5.2 nm for MZBN-IOO unwashed sample to 8.8 and 10.0 nm

for MZBN-100w3hd and MZBN-100w3h samples, respectively. On

calcination, the basal spacing (dlOO) for MZBN-100w3hd and MZBN-100w3h

reduces to 8.3 and 9.4 nm respectively, which is a contraction of ca. 6%.
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The extent of contraction observed in the washed samples compares well

to that of the unwashed MBZN-IOO sample.

The basal spacing expansion of 70 and 90% for the samples washed for 3 h

in 100 and 200 mL of water, respectively provides further evidence for

sample modification caused by the washing step, and shows that more

water (MZBN-100w3h) favours greater expansion. On the other hand, the

as-synthesised sample washed for 5 h (MZBN-IOOwSh) exhibits an even

higher basal spacing of 12.6 nm which is an increase in excess of 140%. It

appears therefore that washing of the as-synthesised mesophase in boiling

water causes significant lattice expansion of the MZBN-IOO sample. Such

expansion of mesoporous silicate mesophase during extended

hydrothermal treatment has been previously reported in Iiterature.29-33

The expansion/restructuring is caused by thermal effects that act on the

relatively flexible as-synthesised aluminosilicate framework under

hydrothermal conditions. The observed pore-size expansion involves base-

induced intrapore mineralization and transport of aluminosilicate species

and redeposition. Dissolution of the aluminosilicate species is made

possible by the basic conditions. It is likely that the dissolved

aluminosilicate species is transported and redeposited onto areas with a

high surface curvature. Similar behaviour has been reported for surfactant

templated mesoporous silica.32 In such a scenario, the restructuring

involves significant dissolution of as-synthesized materials and the

subsequent formation, via redeposition, of larger pore materials.

The TEM micrographs in Figure 4.2 provide further support that sample

MBZN-IOO is mesostructured which is in good agreement with the powder

XRD patterns in Figure 4.1A. The TEM images show relatively well ordered
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wormhole-type pore channels with substantial level of pore ordering that is

consistent with XRD patterns of at least one peak.s, 34-36 pore channels, of

size ca. 3.0 nm are observed throughout the particles and hardly any other

phase is observed as might be expected for composite/mesoporous

materials wherein distinct zeolite 13 crystallites exist. 19-22,24-28

Figure 4.2 TEM micrographs of calcined MZBN-IOO sample.

The present MZBN-IOO sample synthesis uses a relatively low

crystallisation temperature compared to previous reports that yield zeolite

SEA. More importantly, the use of a higher Si/TEAOH ratio of 2.8 is

significant since for the synthesis gels that yield zeolite BEA the ratio is

usually s 2.0Y-25, 37, 38 Higher Si/TEAOH ratio is known to delay the growth

of zeolite BEA crvstatntes " and the present results suggest that, under

certain conditions, the delay can lead to formation of a mesostructured

material via previously suggested rnecbantsrns.": 19, 21, 22, 39 The formation

of mesopores in such a scenario is likely to be directed by partially

aggregated TEA+ species. Xiao and co-workers/" have previously observed
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the formation of mesopores in rrucrc/rnesoporous silica generated from

Si/TEA+/H20 systems that contain partially aggregated TEA+ species and

wherein the concentration of TEA+ is greater than 6 wt% in water. The

nominal concentration of TEA+species in our synthesis gel is ca. 14 wt% in

water. Hence it is proposed that TEA+ species play a role in the initial

formation of mesopores in sample MZBN-l00.2o This proposal is consistent

with the TEA+ species being retained in the as-synthesised MZBN-l00

mesophase as evidenced in Figure 4.3A; the as-synthesised mesophase

shows IR peaks at 660 - 840 cm" along with peaks between 1350 and

1500 ern? that are attributable to the TEA+ species." The Infra-red (IR)

spectra in Figure 4.3A show that the lattice expansion which takes place

during the washing step is accompanied by the removal of some of the

TEA+ species from as-synthesised mesophase. IR peaks at 665, 704, 800,

833 and 1403 ern" arising from the TEA+ species that are observed for as-

synthesised MZBN-l00 are not present for the washed samples. Other

TEA+ peaks at 1635, 1655, 1695 ern" and 1350 - 1500 ern" also reduce in

intensity. In addition, the as-synthesised MZBN-l00 show three more

peaks at ca. 1030 ern? (with a shoulder at 1200 ern"), 790 and 580 ern"

of which the first two are characteristic of silicon oxides associated with

asymmetric and symmetric 5i-0 stretching vlbratlons."?
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Wavenumbers (crrr")

1BOO 1600 1400 1200 1000 800 600 400
Wavenumbers (crrr")

Figure 4.3 Infra-red spectra of (A) as-synthesised and (B) calcined

aluminosilicate materials prepared from a zeolite BEA recipe; (b) MZBN-

100, (c) MZBN-100w3h, (d) MZBN-100w3hd, (e) MZBN-100wSh, and for

comparison (a) calcined AI-MCM-41.
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The reduction in the TEA content in the washed sample is confirmed by

TGA analysis as illustrated in Figure 4.4. The mass loss associated with the

decomposition and burn-off of organic molecules (e.g. TEA) is between 120

and 350°C. The mass loss due to burn off of organic matter is 38% for the

as-synthesised MZBN-l00 but reduces to 17% and 15% for samples

washed for 3 h (MZBN-l00w3h and MZBN-l00w3hd, respectively). The

sample washed for 5 h had lowest percentage reduction of 11%, which

agrees well with IR spectra as well as powder XRD patterns and confirms

that the washing step causes restructuring of MZBN-l00.

100

90

-- MZBN-l00w5h
-- MZBN-100w3hd
-- MZBN-l00w3h
-- MZBN-l00

80

70

60

50 ~---r----.----.----'---~
o 200 400 600 800 10.00

Figure 4.4 TGA curves of as-synthesised aluminosilicate mesophase

materials prepared from a zeolite BEA recipe.
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Framework Ordering

The IR spectra of as-synthesised MZBN-l00 and the washed derivatives in

Figure 4.3A allow probing of the nature of their frameworks. All the

samples exhibit a well-developed band at 580 cm" that is indicative of six

or five membered ring subunits of T-O-T (T = Si or AI) similar to subunits

found in zeolltes.?' 10, 41, 42 The IR peaks observed for the MZBN-l00

samples are similar to those previously reported for mesoporous materials

that possess zeolite building units.43-45 The zeolite building units do not

appear to be adversely affected by washing prior to calcination.

Furthermore, as shown in Figure 4.3B the IR peak at ca. 580 cm" is still

observed for the calcined MZBN-l00 sample although with reduced

intensity. Further evidence for the presence of zeolite building units in the

MBZN-l00 sample was provided by comparing with conventional

mesoporous materials (AI-MCM-41) as shown in Figure 4.38 (spectrum

labelled a). The peak at ca. 580 ern" only remains as a weak shoulder in

the IR spectrum of a conventional AI-MCM-41 sample (Figure 4.3B) The

spectra in Figure 4.3 clearly show a distinction between the MZBN-X

samples and conventional mesoporous materials (e.g. AI-MCM-41) that do

not possess zeolite building units.
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4.3.2 Silicate condensation in as-synthesised MZBN-l00
sample and the washed derivatives
The extent of silicate condensation in the as-synthesised MZBN-100 and its

washed derivatives was probed by 29Simagic angle spinning (MAS) nuclear

magnetic resonance (NMR). The 29SiMASNMR spectra shown in Figure 4.5

exhibits three resonances at -90, -lOO, and -109 pmm which are assigned

to silicon in Si(OSih(OHh (Q2), Si(OSihOH (Q3) and Si(OSi)4 (Q4)

environments respectively. In addition there may also be Si in

Si(OSih(OAI)(OH) (-90 ppm) and Si(OSih(OAI) (-100 ppm) environments.

Overall, the intensity of resonances indicates that most of the Si is in Q3

and Q4environments with a greater proportion of Q3sites. The Q4/(Q3+Q2)

ratio was used to estimate the extent of silicate condensation with a higher

ratio signposting a more condensed framework. The calculated Q4/(Q3+Q2)

for MZBN-100, MZBN-100w3hd, MZBN-IOOw3h and MZBN-100w5h was

0.48, 0.70, 0.79 and 0.92, respectively The increasing trend with longer

washing time is evidence for additional silicate condensation resulting in

increased levels of condensation. The changes in the extent of silicate

condensation are consistent with lattice expansion shown in Figure 4.1 and

removal of TEA+ species in IR spectra (Figure 4.3) and TGA curves (Figure

4.4) that occurs during the washing in boiling water. These changes involve

expansion of the forming aluminosilicate framework whereby dissolved Si

and AI species enable further growth and condensation.
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Figure 4.5 29SiMASNMRspectra of as-synthesised aluminosilicate materials

prepared from a zeolite BEA recipe at 100°C; (a) MZBN-100, (b) MZBN-

100w3hd, (c) MZBN-100w3h, (d) MZBN-100w5h.

4.3.3 Aluminium content and acidity
The AI content of the samples is given as Si/AI ratio in Table 4.1. Sample

MZBN-100 has a Si/AI ratio of 18.6, which was lower than the synthesis gel

ratio of 25. The lower experimental Si/AI ratio is attributed to the

preferential incorporation of AI into the aluminosilicate material which is a

common phenomenon for direct (i.e. sol-gel) synthesised

mlcro/mesoporous (zeolite or zeotype) aluminosilicates.P' 37,38,46-49In all

cases washing as-synthesised MBZN-100 resulted in increased AI content

as evidenced by the decrease in the Si/AI ratio from 18.6 to 17.2,16.9 and

15.9 for MZBN-100w3h, MZBN-100w3hd and MZBN-100w5h, respectively.

The Si/AI ratio percentage increase of 8%, 9% and 15% after washing in

boiling for 3 h, 3 h (200mL of water) and 5 h, respectively, is attributed to
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expansion of aluminosilicate framework via dissolution and re-deposition of

AI.

Figure 4.6 shows 27AI magic angle spinning NMR spectra of as-synthesised

and calcined MZBN-100 samples and their derivatives after washing for

variable times. The spectrum of the as-synthesised MZBN-100 (Figure

4.6A) shows a sharp and symmetrical resonance centred at 53 ppm which

arises from tetrahedrally coordinated AI in the mesoporous aluminosilicate

framework with good symmetry. This implies that all AI in the as-

synthesised MZBN-100 sample existed within the framework and that there

was no extra-framework (octahedrally coordinated) AI. The spectrum of

calcined MZBN-100 also exhibits one resonance at 53 ppm, which indicates

that calcination did not cause any dealumination. Based on these findings,

the aluminosilicate MBZN-100 sample was therefore stable after

calcination. This makes the MZBN aluminosilicates very attractive in a

manner similar to that of zeolites and very different from conventional

mesoporous alurntnostltcates." 5, 34-36,50,51
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Figure 4.6 27AI MASNMR spectra of (A) as-synthesised and (B) calcined

mesoporous aluminosilicate materials prepared from a zeolite BEA recipe;

(a) MZBN-100, (b) MZBN-100w3hd, (c) MZBN-100w3h, (d) MZBN-100wSh.

In contrast, washing of as-synthesised MZBN-100 caused the formation of

extra-framework al as indicated by the peak centred at ca. 10 ppm for

samples MZBN-100w3hd, MZBN-100w3h and MZBN-100wSh. However,

upon calcination most of the extra-framework al in the washed as-

synthesised samples is re-inserted into the tetrahedral framework as

shown in figure 4.6B. The overall picture that emerges from the 27AI

MASNMRspectra is that the AI in calcined samples is predominantly within

framework positions. Such framework AI is expected to generate acid sites

as shown by the acidity data in table 4.1. The samples have comparable

acidity, with slightly higher acid content for the unwashed MZBN-100

sample. This is consistent with the NMR spectra in figure 4.6, i.e., that

sample MZBN-100 has the highest content of framework AI. Although the
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washed samples have a higher overall al content (i.e., lower Si/AI ratio),

some of the AI is in extra-framework sites that do not generate acid sites.

What is, however, unexpected is that in all cases the total acidity and

strong acidity values are similar, i.e., that the samples mainly possess

strong acid sites. This is different from conventional mesoporous

aluminosilicates, which usually possess a much lower proportion of strong

acid sites.": 52 the strong acidity is attributed to the presence of zeolite

building units in the MZBN-100 samples in a manner similar to that

observed for composite micro/mesoporous rnatertals.P

4.3.4 Morphology of the as-synthesised and calcined
MZBN-l00 sample
Figure 4.7 shows SEM images for the as-synthesised and calcined MZN-100

sample. The images clearly show minimal framework modification after

calcination. The SEM images for both as-synthesised and calcined MZBN-

100 samples show flaky aggregated particles. 53, 54 Calcination appears to

cause an increase in the surface roughness of the particles. The smooth

surface morphology of the as-synthesised aluminosilicate may be

attributed to the presence of organic and occluded water molecules which

are removed on calcination. Indeed, the calcined MZBN-100 samples show

surface roughness which may be attributed to removal of surfactants and

occluded water. The resultant morphology could also be ascribed to

creation of larger mesopores and macropores or expansion of existing ones

that link into each other to form larger mesopores or macropores.
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Figure 4.7 Scanning electron microscopy images of MZBN-100 samples; as-

synthesised (A, B, C and D) calcined (A*, B*, C* and D*).

4.3.5 Porosity
The nitrogen sorption isotherms for the calcined MZBN-100 and its

derivatives washed prior to calcination are shown in Figure 4.BA and the

textural properties are summarized in Table 4.1. The adsorption-desorption

isotherm for unwashed MBZN-100 sample is typical type IV isotherm with a

mesopore filling step in the relative pressure (P/Po) range 0.4 - O.B thus

confirming the presence of mesoporosity. ss An additional feature of the

physisorption isotherms is the presence of hysteresis between the
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adsorption and desorption branches that could be attributed to capillary

condensation at partial pressures (P/Po) greater than 0.4. The pore size

distribution curves (obtained via BJH analysis of adsorption isotherm data)

in Figure 4.8B show relatively uniform pores of size ca. 2.5 nm for sample

MZBN-100. Analysis of pore size distribution using a Non Local Density

Functional Theory (NLDFT) method (Figure 4.8C) indicated pore size of ca.

3.5 nm for sample MZBN-100. The disparity between the two methods is

not unexpected since the BJH model is known to underestimate the pore

size of mesoporous materials. 56-58 Nevertheless, the pore size (2.5 - 3.5

nm) calculated from the nitrogen sorption data is similar to that (ca. 3.0

nm) obtained from the TEM images (Figure 4.2)
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Figure 4.8 Nitrogen sorption isotherms (A) and corresponding pore size

distribution curves obtained via the BJH (B) or NLDFT (C) models for

mesoporous aluminosilicate materials prepared from a zeolite BEA recipe;

(a) MZBN-l00, (b) MZBN-l00w3h, (c) MZBN-100w3hd (d) MZBN-100w5h.

For clarity (a) isotherms c and d are offset (y-axis) by 100 cm3/g and 250

cm3/g, respectively.
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Noteworthy is the lower value of the surface area (527 m2/g) and pore

volume (0.37 cm3/g) of calcined MZBN-100 sample than expected for

mesoporous materlals.v 34, 59 The relatively low textural properties of

sample MZBN-100 may be attributed to the presence of zeolite units within

the aluminosilicate framework, which increases framework density as

previously reported.": 60-63 The extent of microporosity in sample MZBN-

100 is important given that it was prepared from a zeolite recipe. The

micropore volume (0.06 cm3/g) contributes 16% to the total pore volume

(Table 4.1), which suggests that sample MZBN-100 is predominantly

mesoporous. The low level of microporosity is confirmed by NLDFT pore

size distribution (Figure 4.8C), which shows very few pores with diameter

smaller than 2.0 nm. These observations are at variance with what might

be expected for a composite micro/meso material with a separate zeolite

component.26-28,43

The nitrogen sorption isotherms of samples washed prior to calcination

exhibit well developed mesopore filling step in the relative pressure (P/Po)

range of 0.4 - O.B. The mesopore filling step is shifted to higher partial

pressure depending on the washing duration (Figure 4.8A). Furthermore,

the height of the mesopore filling step increases for longer washing

duration, which is an indication of greater mesoporosity. The changes in

porosity caused by washing are two-fold: (i) increase in pore size as shown

in Figure 4.BB and 4.BC, and (ii) greater mesoporosity along with

associated increases in surface area and pore volume. The pore size

increases from ca. 2.5 nm for sample MZBN-100 to ca. 3.0 nm and 5.2 nm

for MZBN-100w3h and MZBN-100w3hd, respectively, and 7.2 nm for

MZBN-100w5h. It is interesting that sample MZBN-100w3h has a smaller

pore size (compared to MZBN-100w3hd) despite a larger basal spacing.
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This may suggest that sample MZBN-IOOw3h has thicker pore walls and

that low amounts of water during the washing step (sample MZBN-

100w3hd) favour expansion of pore size over formation of thicker walls as

the aluminosilicate framework is restructured.

The increase in pore size is accompanied by a small rise in surface area

(i.e. from 527 m2/g for MZBN-IOO to between 625 and 667 m2/g for the

washed samples) and much larger increase in pore volume from 0.37

cm3/g to between 0.56 and 0.96 cm3/g. It is also noteworthy that after

washing the proportion of microporosity generally decreases, and in some

cases (e.g., sample MZBN-IOOw3h) reduces to nil. The washing step

therefore provides a route to modifying the textural properties of the

present aluminosilicate samples.

4.3.6 Effect of Hydrothermal Synthesis Temperature
In order to assess the effect of crystallisation temperature and gain further

insight into the mechanism of formation of the MZBN-x materials, the

synthesis was performed at temperatures higher than 100 °C (I, e. 135 and

150 0c) and lower than 100 °C (i.e. 80, 50 and 25°C)

Synthesisat temperatures higher than 100 °c
Figure 4.9 shows the nitrogen sorption isotherms (A) and corresponding

PSD curves by both BJH (B) and NLDFT (C) methods. Calcined MBZN-135

(unwashed and washed prior to calcination) samples exhibit type IV

isotherms with mesopore filling step in the relative pressure (P/Po) range

0.4 - 0.9. The steep capillary condensation step is indicative of a narrow

mesopore size distribution, which is confirmed by the PSD curves shown in

Figure 4.9B and 4.9C.
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Figure 4.9 Nitrogen sorption isotherms (A) and corresponding pore size

distribution curves obtained via the BJH (B) or NLDFT (C) models for

mesoporous aluminosilicate materials prepared from a zeolite BEA recipe at

135 DC; (a) MZBN-135, (b) MZBN-135w3h, (c) MZBN-135w5h. For clarity

in (A) isotherms band c are offset (y-axis) by 100 cm3/g and 250 cm3/g,

respectively.

The textural properties and elemental composition of MZBN-x samples

prepared at higher crystallisation temperature are presented in Table 4.2.
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The elemental composition remains relatively stable before and after

washing. The unwashed MZBN-135 has a surface area of 468 m2/g (Table

4.2), which is comparable to that of sample MZBN-IOO but double the pore

volume (0.70 cm3/g compared to 0.37 cm3/g). This is due to the fact that

the pore size of MZBN-135 (11.8 nm) is, as shown in Figure 4.9B and

Figure 4.9C at least three times as large as that of MZBN-I00. Washing of

sample MZBN-135 prior to calcination only slightly increases the pore size

to ca. 14.0 nm (Figure 4.9 and Table 4.2). The proportion of micropore

volume (ca. 0.1 cm3/g) for MZBN-135 samples is ca. 12% of total pore

volume, which is comparable to that of MZBN-I00. Crystallisation at 135°C

therefore directly generates large pore mesoporous materials even without

the washing step. It is, however, noteworthy that despite the higher

temperature, the final phase is still a mesoporous rather than zeolitic

microporous phase. It may be proposed that the higher crystallisation

temperature increases the rate of formation of zeolite building units and

speeds up their incorporation into a growing mesostructured

aluminosilicate network 'templated' by TEA+ species via a scaffolding

mechanism. IS Once formed, the growing aluminosilicate framework

undergoes expansion (in a manner similar to that proposed above in

section 4.3.1 for the MZBN-100 sample) during the extended crystallisation

at 135°C to generate a stable mesoporous framework with larger pores. IR

spectra (Figure 4.10) indicated that the extent to which zeolite units are

present in sample MZBN-135 (IR peak at ca. 580 ern") is similar to that of

sample MZBN-100 (Figure 4.3).
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Table 4.2 Elemental composition and textural properties of zeotype

aluminosilicate materials aged at 135 and 150 °c.

Sample Si/AI Surface area Pore volume Pore size
ratio (m2 g-l)a (ern? g-l)b (nm)"

MZBN-13S 13.2 468 (188) 0.70 (0.09) 11.8

MZBN-135w3h 15.0 514 (238) 0.91 (0.11) 12.4

MZBN-13SwSh 14.7 498 (229) 0.97 (0.11) 13.8

MZBN4-135 16.0 509 (198) 0.43 (0.09) 5.2

MZBN4-135w3h 15.8 600 (161) 0.84 (0.07) 7.0

MZBN4-135w5h 15.2 559 (161) 0.81 (0.07) 7.4

MZBN-150 14.7 592 (428) 0.64 (0.20) 6.5

MZBN-150w3h 14.8 553 (462) 0.54 (0.22) 11.3

MZBN-150w5h 15.1 476 (394) 0.50 (0.19)

"Values in parentheses are micropore surface area. bvalues in parentheses

are micropore volume. C The values shown are pore size maxima obtained

using BJH adsorption data.
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Figure 4.10 FT-IR spectra of (A) as-synthesised and (B) calcined

aluminosilicate materials prepared at 135 °C; (a) MZBN-135, (b) MZBN-

135w3h and (c) MZBN-135w5h.
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The powder XRD patterns for the samples synthesised at 150°C

(designated MZBN-150) are shown in Figure 4.11. The patterns are typical

for zeolite beta, which means that a zeolite rather than mesostructured

material is formed at 150 Qc.64 Furthermore, the patterns of all the MZBN-

150 samples (the unwashed and washed prior to calcination) in terms of

peak intensity as well as resolution are comparable to each other. This is a

good indication that the structural integrity of the zeolite beta units in the

as-synthesised MZBN-150 are unchanged after both washing in boiling

A B C

- - -:::J :::J :::J

IV IU IU- - ->- >- >-~..... .....
en en en
C C C
cu (II cu~..... c .....
C toot C.... toot

water and calcination.

o 20 40 60
2ao

o 20 40 60
2ao

o 20 $0 6029

Figure 4.11 Powder XRD patterns of (a) as-synthesised and (b) calcined

MZBN-150 aluminosilicate materials prepared from a zeolite BEA recipe at

150 QC; (A) directly calcined (sample MZBN-150), (B) washed for 3 h

before calcination (MZBN-150w3h) and (C) washed for 5 h before

calcination (MZBN-150w5h).

The MZBN-150 sample has a surface area of 592 m2/g (Table 4.2) and pore

volume of 0.64 cm3/g. Washing of MZBN-150 sample prior to calcination
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slightly reduces the surface area, pore volume and mesoporosity (Table

4.2). It is noteworthy that the micropore volume (ca. 0.2 cm3/g) for MZBN-

150 samples is 30 - 40% of the total pore volume, which is a much higher

proportion than that of samples prepared at 100 and 135 eC.

Figure 4.12A shows the nitrogen sorption isotherms and corresponding PSD

curves by BJH analysis (Figure 4.12B) and NLDFT method (Figure 4.12C).

The sorption isotherm of calcined MZBN-1S0 is quite similar for the

samples washed prior to calcination (MZBN-1S0w3h and MZBN-1S0wSh).

All the three samples exhibit isotherms which are characterised by a well-

developed micropore filling in the relative pressure (PIPe) less than 0.02

due to micropore filling. Worth noting is a sharp increase in nitrogen

uptake at high relative pressure (PIPe> 0.9) as shown in Figure 4.12A,

indicative of a significant amount of interparticle mesoporositv." The PSD

curves in Figure 4.12B obtained via BJH analysis show mesopore size

maxima for unwashed calcined MZBN-1S0 centred at ca. 6.5 nm which

increases by ca. 74% after washing in boiling water for 3 h.
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Figure 4.12 Nitrogen sorption isotherms (A) and corresponding pore size

distribution curves obtained via the BJH (B) or NLDFT (C) models for

mesoporous aluminosilicate materials prepared from a zeolite BEA recipe at

150°C as indicated inset. For clarity isotherms in (A) for MZBN-150w3h

and MZBN-1S0wSh are offset (v-axis) by 200 cm3/g and 400 cm3/g,

respectively.
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The significant proportion of microporosity in MZBN-150 samples was

confirmed by NLDFT pore size distribution (Figure 4.12C). It appears

therefore that crystallisation at a much high temperature (i.e., 150°C)

shifts the final material towards being microporous rather than

mesoporous. Indeed the porosity of the MZBN-150 samples is similar to

that of aggregated zeolite 13 nanocrvstets." It is therefore Iikely that

crystallisation at 150°C speeds up the rate of formation of zeolite 13

nanocrystals. Furthermore, the IR spectra of samples MZBN-150 (Figure

4.13) are fully consistent with the formation of a zeolitic material with

several IR peaks between 400 and 600 cm" arising from well-formed

zeolite 13 crvstaltites.?' 23, 37, 38, 41, 42 The data from the samples prepared at

135 and 150°C, when compared to sample MZBN-100, demonstrate that

there needs to be a balance between the Si/TEAOH ratio and crystallisation

temperature in order to obtain mesoporous materials.
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Figure 4.13 FT-IR spectra of CA) as-synthesised and CB) calcined

aluminosilicate materials prepared from a zeolite BEA recipe at 150 °C; (a)

MZBN-150, Cb) MZBN-150w3h and Cc) MZBN-150wSh. For clarity the

spectra (a) MZBN-1S0w3h and (b) MZBN-150wSh offset (y-axis) by

0.1%and 0.4% transmittance, respectively.

Synthesis at temperatures lower than 100°C

The need to balance Si/TEAOH ratio and crystallisation temperature in

order to maintain mesoporosity of aluminosilicates synthesised is further

supported by the fact that MZBN-X (where X = 50 or 80 0c) are all

mesostructured. The textural properties and elemental composition of

samples prepared at 25, 50 and 80 °C are shown in Table 4.3.
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Table 4.3 Elemental composition and textural properties of various

aluminosilicate materials denoted MZBN-x (as-prepared), MZBN-xw3h

(washed for 3 h then calcined) and MZBN-xw5h (washed for 5 h then

calcined) where x is the crystallisation temperature (25, 50 or 80 QC).

Sample Si/AI Surface area Pore Pore size
ratio (m2 g"l) volume (nrn)"

(cm3 g"l)b

MZBN-25 13.9 497 (228) 0.35 (O.ll)

MZBN-25w3h 12.1 644 (247) 0.47 (0.11)

MZBN-25wSh 11.0 495 (141) 0.53 (0.06)

MZBN-SO 14.7 563 (242) 0.36 (0.11)

MZBN-SOw3h 13.1 660 (115) 0.68 (0.05) 4.2 (1.4/ 5.6)

MZBN-50w5h 14.0 538 (071) 0.52 (0.03) 3.5 (1.4/ 5.6)

MZBN-SO 14.6 569(170) 0.43 (O.OS) 2.6 (4.5)

MZBN-SOw3h 14.3 651 (lS0) O.SS(O.OS) 6.5 (6.S)

MZBN-SOw5h 15.0 56S (15S) O.SO(0.07) 6.3 (6.8)

The values in parentheses represent: a micropore surface area, b micropore

volume and cpore size maxima obtained using NLDFT analysis.

The FT-IR spectra in Figure 4.14 show that the MZBN-sO and MZBN-SO

samples prepared at SO and 80 "C, respectively, are quite similar to the

samples prepared at 100 °C (MZBN-100). For example, the FT-IR peak at

ca. sSO ern? in Figure 4.3 and Figure 4.14, which indicates the presence of

zeolite units, is comparable in samples prepared at 50°C (MZBN-sO), 80°C

(MZBN-80) and 100 -c (MZBN-100).
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Figure 4.14 FT-IR spectra of (A and C) as-synthesised and (B and D)

calcined aluminosilicate materials prepared from a zeolite BEA recipe at SO

and 80°C, respectively: (a) MZBN-x, (b) MZBN-xw3h and (c) MZBN-xwSh

(where x = SOor 80 °C). For clarity the spectra (b) and (c) offset (y-axis)

by 0.02%and 0.04% transmittance, respectively.

Nitrogen sorption isotherms and corresponding PSD curves for samples

synthesised at temperatures lower than 100 °C are shown in Figure 4.15.

All the samples exhibit mesopore filling in the relative pressure (P/Po)

range of 0.4 to 0.8 as shown in Figure 4.1sA and 4.16A for MZBN-50 and

[128]



Chapter 4: Preparation of Mesoporous Zeotype Aluminosilicates using
Zeolite BEA recipe

MZBN-80 samples, respectively. This is confirmed by the PSD curves

shown in Figure 4.15B, 4.15C, 4.16B and 4.16C.
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Figure 4.15 Nitrogen sorption isotherms CA) and corresponding pore size

distribution curves obtained via the BJH CB) or NLDFT Cc) models for

mesoporous aluminosilicate materials prepared from a zeolite BEA recipe at

80°C; CA)MZBN-80, (B) MZBN-80w3h and (c) MZBN-80w5h. For clarity in

(A) isotherms band c are offset (y-axis) by 50 cm3/g and 200 cm3/g,

respectively.
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Figure 4.16 Nitrogen sorption isotherms (A) and corresponding pore size

distribution curves obtained via the BJH (B) or NLDFT (C) models for

mesoporous aluminosilicate materials prepared from a zeolite BEA recipe at

50 DC; (a) MZBN-50, (b) MZBN-SOw3h and (c) MZBN-50w5h. For clarity in

(A) isotherms band c are offset (y-axis) by 50 cm3/g and 200 cm3/g,

respectively.
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Figure 4.17 shows nitrogen sorption isotherms with corresponding PSD

curves for samples prepared at 25°C that evidences the generation of

porous materials with a wide pore size distribution. This is accompanied by

negligible nitrogen uptake at relative pressures between 0.3 and 0.8

indicative of a population of non-uniformly sized pores (Figure 4.17A) .
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Figure 4.17 Nitrogen sorption isotherms (A) and corresponding pore size

distribution curves obtained via the BJH (B) or NLDFT (C) models for

mesoporous aluminosilicate materials prepared from a zeolite BEA recipe at

25°C; (a) MZBN-25, (b) MZBN-25w3h and Cc) MZBN-25w5h. For clarity in

(A) isotherms band c are offset (y-axis) by 50 cm3/g and 200 cm3/g,

respectively.
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The BJH pore size distribution curves of the sample synthesised at 25°C

(MZBN-25) and its washed derivatives presented in Figure 4.17B did not

show any Gaussian pore size distribution in the mesopore range. This was

contrary to the other samples synthesised at higher crystallisation

temperatures which had distinct pore size maxima. However, NLDFT data

(Figure 4.17C and 4.17D) confirmed that washing of MZBN-25 prior to

calcination broadens the PSD even further to pore sizes greater than 2.5

nrn. However, the pore size centred at ca. 1.4 nm (Figure 4.17D) did not

change on washing. The unwashed calcined MZBN-25 gave a surface area

of 497 m2/g (Table 4.3) with up to ca. 54% micropore surface area

proportion and pore size maxima (Figure 4.17C) centred at ca. 0.6, 1.1 and

3.4 nm.

The Si/AI ratio of sample MZBN-25 decreases on washing (as shown in

Table 4.3), from 13.9 by 13% (washed for 3 h) and 21% (washed for 5h).

The calcined MZBN-25 sample and the washed derivatives had the lowest

Si/AI ratio (highest AI content) compared to samples prepared at higher

temperature. In addition, the results of FTIR studies of as-prepared MZBN-

25 represented by plot (a) in Figure 4.18 show a weak 'noisy' and weak IR

band at ca. 580 ern". This could be ascribed to minimal presence of zeolite

building units unlike in the case of the samples synthesised at higher

temperatures.
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Figure 4.18 FT-IR spectra of CA) as-synthesised and CB) calcined

aluminosilicate materials prepared from a zeolite BEA recipe at 25 cC; (a)

MZBN-25, (b) MZBN-25w3h and (c) MZBN-25w5h. For clarity the spectra

(b) and (c) offset (y-axis) by 0.02% and 0.04% transmittance,

respectively.

The variable temperature synthesis data, therefore, suggests that

mesostructured aluminosilicate materials may be obtained from zeolite BEA

recipe for synthesis temperatures between 50 and 135°C. The pore size

generally increases with synthesis temperature, although it can also be

modified by washing prior to calcination. A higher crystallisation

temperature of 150 Cc generates a predominantly microporous zeolite f3

material. The crystallisation temperature does not, however, have any

significant effect on the Si/AI ratio as shown in Table 4.1, 4.2 and 4.3. The

synthesis conditions were modified in order to assess the effect of Si

/TEAOH ratio on mesostructural framework ordering as discussed in section

4.3.8.
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4.3.7 Hydrothermal Stability of calcined MZBN-l00 and
its derivatives washed prior to calcination
Higher hydrothermal stability of zeolites is one of the key advantages over

mesoporous silicates. Hydrothermal stability is a critical property for

mesoporous aluminosilicates because many of their applications may

require use in hot aqueous media2, 51, 66 The hydrothermal stability of

MZBN-100 samples was assessed by refluxing in water for 6 or 120 h.

Figure 4.19 shows the nitrogen sorption isotherms with corresponding PSD

curves on the right hand side of the samples before and after 6 h refluxing

in water. It is clear that all the samples exhibit high hydrothermal stability;

the isotherms of the refluxed samples exhibit a well-developed mesopore

filling step characteristic of well-ordered mesoporous materials.

Furthermore in all cases the height of the mesopore filling step increases

after refluxing. The hydrothermal treatment therefore enhances

mesoporosity, which is a rather unusual observation since most

mesostructured aluminosilicates undergo some diminution of mesoporosity

when refluxed in water." 13,45,51,67-69
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Figure 4.19 Nitrogen sorption isotherms (on left hand side) and

corresponding PSD curves obtained via BJH model (on the right hand side)

of calcined MZBN-100 samples before (a) and after (b) refluxing in water;

(A) MZBN-100, (B) MZBN-1003wh, (C) MZBN-100w3hd and (D) MZBN-

100wSh. The refluxed samples are designated with prefix R.
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The textural parameters of the samples after hydrothermal treatment are

given in Table 4.1. In all the cases, the hydrothermal treatment results in

an increase in pore size while still retaining a narrow pore size distribution

as shown in Figure 4.19. Similarly, pore size distribution curves by NLDFT

shown in Figure 4.20 provide further evidence of well controlled distribution

of pore sizes after refluxing. It is worth noting that the sum effect of

washing the as-synthesised material in combination with refluxing after

calcination is that the pore size of sample MZBN-100 can be tailored

between 2.5 and 8.8 nm.
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Figure 4.20 Non Local Density Functional Theory (NLDFT) pore size

distribution curves for MZBN-100 mesoporous aluminosilicate materials

prepared from a zeolite SEA recipe at 100°C after refluxing; (a) RMZBN-

100, (b) RMZBN-100w3hd, (c) RMZBN-100w3h, (d) RMZSN-100w5h.

The surface area increases after refluxing with sample MZBN-100w5h

exhibiting the greatest increase (35%) from 625 to 838 m2jg. The pore
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volume also shows increases of 16% for MZBN-100, ca. 40% for MZBN-

100w3h and MZBN-100w3hd and 54% for MZBN-100w5h. The proportion

of microporosity is not affected by refluxing.

Extending the hydrothermal testing (refluxing) time to 120 h has no effect

on the mesoporosity of the materials as shown in Figure 4.21. Sample

MZBN-100 refluxed for 120 h had a surface area of 506 m2/g and pore

volume of 0.4 cm3/g, with micropore volume of 0.03 cm3/g. These values

are similar to those of the parent MZBN-100, which attests to the high

hydrothermal stability of the MZBN-x aluminosilicate materials.
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Figure 4.21 Nitrogen sorption isotherms (A) and corresponding pore size

distribution curves obtained via BJH model (B) of calcined mesoporous

aluminosilicate material MZBN-100 before (dark red) and after refluxing in

water for 120 h.

The Si/AI ratio of the samples reduces after refluxing as shown in Table

4.1. The AI content per gram of material increases for the refluxed samples

by ca. 30% due to removal of amorphous silica during the refluxing.

Removal of amorphous silica (which is not part of the mesoporous
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aluminosilicate structure) would explain both the increase in AI content and

the textural changes. If such silica is within the pores, removal would lead

to an apparent increase in pore size and pore volume as observed. The 27AI

MASNMR spectra of the MZBN-IOO samples do not show remarkable

change after refluxing (Figure 4.22), exhibiting a sharp resonance at ca. 53

ppm, from tetrahedrally coordinated AI in the aluminosilicate framework,

and a low intensity resonance at ca. 5 ppm from octahedrally coordinated

non-framework AI. The ratio of tetrahedral to octahedral AI is unaffected by

the refluxing. This indicates that refluxing does not cause any

dealumination, meaning that MZBN-type materials are stable to

hydrothermal treatment (refluxing), which is unlike conventional

mesoporous alumlnosillcates." 35. 46-48. 50
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150 100 50 0 -50 -100 -150ppm

Figure 4.22 27AI MASNMR spectra of calcined mesoporous aluminosilicate

materials prepared from a zeolite BEA recipe before (solid line) and after

(refluxing in water for 6 h (dashed line); samples before refluxing (a)

MZBN-IOO, (b) MZBN-IOOw3hd, (c) MZBN-IOOw3h, (d) MZBN-IOOw5h.

While after refluxing a prefix R is used for designation: for example MZBN-

100 after refluxing is denoted RMZBN-IOO.

The acidity of the refluxed samples increases significantly and in most

cases more than doubles as shown in Table 4.1. The increase in acidity per

weight of sample is not unexpected given that the AI content increases and

the fact that the refluxing causes no dealumination. However, the increase

in acidity is much higher than the rise in AI content, which indicates that

some of the acid sites may have been blocked by silica before refluxing.

Removal of the silica not only increases the acid content per given weight

of sample but also unblocks some acid sites. Overall, the data of the

refluxed samples show that the MZBN-type materials are very stable to

hydrothermal treatment.
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4.3.8 Effect of Si02 : TEAOH ratio on mesostructural
framework
The role of organic molecules in zeolite synthesis can be classified into at

least three categories, namely: space filling, structure directing and

templating. For example, Lok and co-workers suggested that organic cation

not only fit into the cages, but also on many instances occupy the channel

space of the molecular staves." The as synthesised sample prepared in this

section was aged at crystallisation temperature of 135°C (designated as

MZBN4-135). The choice of this temperature was due to the fact that

samples previously prepared at 135°C (MZBN-135) with Si02 : TEAOH

ratio of 2.8 showed minimal structural modification on washing in boiling

water.

The nitrogen sorption isotherms for MZBN-135 and MZBN4-135 samples

with Si02 : TEAOH ratio of 2.8 and 4, respectively are shown in Figure

4.22. As expected all the aluminosilicates (unwashed calcined MZBN4-135

and its washed derivatives; MZBN4-135w3h and MZBN4-135wSh) exhibit

type IV isotherms. The nitrogen sorption isotherms of MZBN4-135 prior to

washing exhibit well developed mesoporosity with mesopore filling in the

relative pressure (PjPo) range 0.4 to O.B. The mesopore filling step shifted

to a higher partial pressure on washing for 3 h (MZBN4-13Swh3) and 5 h

(MZBN4-13swSh) to 0.5 to 0.9 and 0.6 to 0.9, respectively. The pore size

distribution profiles in Figure 4.23 are consistent with type Hl hysteresis,

which indicate multi-layer adsorption with capillary condensation step.

Such narrow pore size distribution profile (labelled b in Figure 4.23) show

that the material has cylindrical pore geometry and a high degree of pore

size uniformity.55 The pore volume of unwashed calcined MZBN4-135 (0.43

cm3jg) was lower by 39% when compared with MZBN-135.
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Figure 4.23 Nitrogen sorption isotherms (a, b and c) and corresponding

pore size distribution curves (a', b' and c') for calcined aluminosilicate

materials for unwashed (A and A') and washed for 3 h (S and S') and 5 h

(C and C') prior to calcination from a zeolite SEA recipe at 135°C with Si02

: TEAOH ratio of (a) 2.8 and (b) 4, respectively.

The textural properties and elemental composition of calcined MZSN4-135

and its derivatives washed prior to calcination are presented in Table 4.2.

Generally, the samples prepared at Si02 : TEAOH ratio of 4 had higher

surface area than their equivalents prepared at Si02 : TEAOH ratio of 2.8.

For example, sample MZSN4-135 had a surface area of 498 m2/g which is

6% higher compared with MZSN-135. Also worth pointing out is the lower
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pore size for MZBN4-13S series with the unwashed sample being lower by

more than half at 5.2 nm.

The as-synthesised mesophase shows FI-IR peaks (Figure 4.24) at 660 to

840 ern" that are ascribed to the TEA+ species." In addition, there is a

band at ca. 580 ern" characteristic of the five-ring T-0- T structure in

zeolite where T = Si or AI 43,71 that explicitly indicates formation of zeolitic

building units.

1400 1200 1000 800 600 400 1400 1200 1000 800 600 400

Wavenumber [cm-1] Wavenumber [cm-1]

Figure 4.24 FT-IR of (A) as-synthesised and (B) calcined aluminosilicate

materials prepared from a zeolite BEA recipe at 135°C with Si02 : TEAOH

ratio 4; (a) MZBN4-13S, (b) MZBN4-13Sw3h and (c) MZBN4-135wSh. For

clarity spectra (b) and (c) are offset (y-axis) by 0.02% and 0.04%

transmittance respectively.

4.4 Summary
Mesoporous aluminosilicates with tuneable porosity have been successfully

prepared under conditions similar to those typically used for the

preparation of zeolites. The synthesis route was modified by a low

crystallisation temperature and a high Si/TEAOH ratio. The prepared

aluminosilicates exhibit mesostructural ordering as evidenced by TEM
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micrographs and powder XRD patterns. Generally, the data for refluxed

samples show that the MZBN-type materials are very stable to

hydrothermal treatment and also exhibit strong acidity. This contrasts with

most amorphous mesoporous aluminosilicas which have several limitations

including poor hydrothermal stability, weak acidity and low ion exchange

cepactty.": 51

The textural parameters of the present mesoporous aluminosilicates varied

on washing prior to calcination which allowed pore size and pore size

distribution modification. For example, the pore size of MZBN-100 series

was tailored to between 2.5 and 14.0 nm while the surface area increased

after refluxing with MZBN-Sh exhibiting the greatest increase from 625 to

838 m2/g, The surface area of a sample prepared at crystallisation

temperature of 135°C was comparable to the sample prepared at 100 °C

though the former exhibited higher pore volume. In contrast the sample

prepared at 150 °C had characteristics similar to those of zeolite beta. '

Overall the data obtained from the prepared materials show that the

MZBN-type samples are very stable to hydrothermal treatment. Therefore,

the synthesis procedure reported in this chapter avoids the use of

surfactant template and directly generates acid sites on calcination. Such

acidic sites coupled with hydrothermal stability are critical for applications

in catalysis.
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Properties
5.1 Abstract

The use of zeolite Y (ZY) as a template to generate high surface area

carbons, via a chemical vapour deposition (CVO) performed at 800, 850 or

900°C, is explored in this chapter. The so-called zeolite templated carbons

(ZTCs) are found to exhibit high surface area (up to ca. 2200 m2/g) and

pore volume (up to 1.25 cm3/g) depending of the CVO temperature. The

textural properties and level of zeolite-like ordering was highest for the

carbon prepared at 800°C thereafter reducing at higher CVO temperature.

The extent of graphitisation followed the reverse trend. This chapter also

explored the possibility of improving the hydrogen uptake of ZTCs via

supercritical fluid (SCF)-mediated metal incorporation of Pd nanoparticles.

SCF-mediated metal implantation offers advantages over conventional

methods such as solvent-based impregnation or ion exchange methods due

to the liquid-like densities and gas-like properties of SCFs. Moreover, SCFs

have no surface tension, which facilitates effective penetration into the

pore channels of the ZTCs. The SCF-mediated Pd incorporation enabled the

decoration of high surface area ZTCs prepared at 800°C with 0.2 - 4.0 mg

of well dispersed Pd nanoparticles. The Pd-doped ZTCs exhibit enhanced

hydrogen storage density (14.3 - 20.5 prnol H2/m2
), which is much higher

than that of Pd-free zeolite templated carbon (12.0 prnol H2/m2
).
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5.2 Introduction

In the 21st century a key area of intensive materials research is the quest

for viable alternative power generation and energy storage systems. The

dwindling supply of fossil fuels and reliance on hydrocarbon-based energy

has been responsible for atmospheric pollution. The gases released by

fossil-based energy sources include carbon dioxide, which is a known cause

of global warming. Therefore, energy sources that are sustainable and

concomitantly produce negligible pollution are needed. In terms of mobile

applications, hydrogen is one of the leading contenders as an energy

carrier for the future because of its high energy content and clean burning.

However, the greatest impediment to the use of hydrogen as an energy

carrier is the development of safe and practical storage systems.

Porous carbons due to their tuneable micro-texture and surface

functionality coupled with different forms (powders, fibres, forms,

composites among others) are potentially useful hydrogen storage

metertals.': 2 Additionally, carbonaceous nanostructured materials have

very unique surface textures and porosities that can be highly modulated

through synthetic procedure to give high surface area and well-ordered

pore systems.

Highly porous carbons may be prepared via a number of synthesis

procedures including activation (physical and chernlcatr"? or template

carbontsauon.v" 8, 9-11 In the template carbonisation methodology, an

inorganic porous template characterised by unique nanospace such as a

zeolite matrix is used to define and template the porosity of the resultant

carbon sample. The advantage of using materials with well-defined texture

and pore size distribution for hydrogen storage lies in the possibility of
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relating the hydrogen uptake properties to the textural properties of the

adsorbent.

In the recent past years, the intensive research interest focused on the use

of porous carbon materials as hydrogen reservoirs has established a

correlation between the surface area (associated with microporosity) and

hydrogen storaqe.'?: 12-16 In addition, some studies have proposed that

micropores between 0.6 and 0.8 nm are the most efficient for hydrogen

storage.12,13,15-17

The success of any future hydrogen economy depends on the ability to

develop inexpensive materials with sufficient hydrogen capacity. In

particular, the remarkable potential of carbon-based nanomaterials in

hydrogen storage is yet to be realised. Several synthesis methods have

shown promise in generating carbons with significant hydrogen storage.

Zeolites have proved to be excellent templates for the fabrication of

microporous carbons with uniform micropores and small mesopores.

Indeed, the great variety of zeolites (and other related inorganic

templates) and the rich abundance of carbon precursors offers the

opportunity to design novel materials with desired pore size and surface

area. For example, of relevance to the work in this chapter, a hydrogen

uptake of 6.9 wt% (at -196 °C and 20 bar), which is amongst the highest

ever reported for carbonaceous materials, has been achieved by zeolite-

templated carbons prepared via chemical vapour deposition (CVO) of

carbon precursor into zeolites followed by removal of the zeolite framework

to generate the final carbons.'?

This chapter reports on investigations of the effect of pyrolysis environment

of CVO-derived zeolite-templated carbons by carrying out chemical vapour
[153]
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deposition at variable temperatures (800 to 900 0c) under either flowing

nitrogen or argon. Subsequently, the chapter reports on the possibility of

enhancing the hydrogen uptake capacity of the zeolite templated carbons

(ZTCs) by incorporation of metal nanopartlcles. The introduction of noble

metal nanoparticles (metals such as Ni, Pt, and Pd) into the porous carbons

forms a hybrid material that combines the properties of carbon and the

metal with the aim of altering the hydrogen uptake.

It has been suggested that dispersed metal nenoparticles within a high

surface area substrate (such as a porous carbon) generates a composite

material that takes up hydrogen via two processes; (i) adsorption of

hydrogen on the surface of the pores of porous material and (ii)

hydrogenation on the metal nanoparticles by forming metal hydrides.i"

The later process (hydrogenation) is due to chemisorption of atomic

hydrogen on the metal nanoparticles, which can then initiate a mechanism

referred to as hydrogen 'spillover,.19-22 Furthermore Nalm and co-workers

have established that hydrogen spillover does not only improve hydrogen

capacity but also increases initial hydrogen adsorption ktnetlcs.P

However, the very existence of a spillover mechanism has been strongly

debated with some experimental results reporting findings that revealed

very low hydrogen capacities after metal doping.24, 25 Nevertheless, the

spillover of atomic hydrogen is a well-established process in heterogeneous

catalysis.26-29 The details of spillover as applied in hydrogen storage

processes are yet to be clearly understood due to the disparity in

experimental data.26-29

Synthesis of metal nanoparttctes and subsequent dispersion into high

surface area carbons can either be carried out by chemical or physical
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methods, including wet tmprecnatlon;'?' 30 thermal evaporation!' and

sputter coating.32 However, these methods suffer from relatively poor size

and dispersion control of anchored metal particles. Therefore an effective

preparation procedure that enhances the formation of well dispersed metal

nanoparticJes is highly sought after and remains an important area of

research focus.

The limitations of conventional metal implantation techniques may be

overcome by using supercritical carbon dioxide (scC02) as an anchoring

medium. scC02 is an excellent and easily obtained as it has a convenient

critical point (31.1 °C and 73.8 bar). Supercritical fluid technology is well

established in the literature as earlier discussed with scC02 having gas-like

diffusivity and extremely low viscosity. In particular, the readily accessible

conditions of scC02 coupled with it is abundance, low cost, non-

flammability and non-toxicity makes it attractive as a green

medium/solvent in current and emerging chemical processes.P 34

In this chapter, the use of acetonitrile as the carbon precursor to generate

templated carbons was based on it's ready availability as a by-product of

acrylonitrile synthesis. Likewise the choice of zeolite as template was based

on the fact that zeolites possess unique properties for replication processes

given that the dimensions of their cages and channels are quite similar to

the size of the precursor organic molecules that on carbonisation constitute

the carbon replica.

The results obtained in this chapter illustrate the potential of nanocasting

techniques in generating porous carbons with similar pore size which is a

sought after property in porous materials research. Zeolite Y was used as a

hard template and acetonitrile as carbon precursor in an attempt to
[1SS]
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inversely replicate the zeolite structure in high surface area carbons. The

carbon precursor was introduced into the zeolite pores via CVD at variable

temperatures under either nitrogen or argon environment. A carbon

sample prepared at CVD temperature of 800°C under argon was then used

as a substrate for Pd loading as detailed in section 3.4. The obtained

samples both Pd-free and Pd-Ioaded are fully characterised with respect to

their porosity and hydrogen uptake.

5.3 Results and discussions

5.3.1 Structural Analysis of Pd-free carbons

Figure 5.1 shows powder XRD patterns of acetonitrile-derived

zeolite/carbon composites and the final zeolite templated carbons prepared

via CVD under an argon environment at variable temperature. The XRD

patterns of zeolite/carbon composites (Figure s.lA) are characterised by

many sharp peaks due to zeolitic framework ordering. These sharp peaks

are comparable to those of the zeolite Y (ZY) template, which suggests that

the zeolite framework remains intact at all the carbonisation

ternperatures.P>"
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Figure 5.1 Powder XRD patterns of zeolite/carbon composites (A) and

zeolite-templated carbons (6) prepared under argon flow at variable

temperatures (800, 850 and 900 -ci, Also, zeolite Y (ZY) template

spectrum is included.

The resultant carbon samples after dissolution of the zeolite template

showed XRD patterns (Figure 5.18) that vary according to the CVD

temperature. The sample carbonised at 800°C (ZTC800A) showed a poorly

resolved peak at 28 = 6° which could be ascribed to as being similar to the

(111) planes of zeolite Y. This suggests that structural regularity similar to

that of zeolite Y has been replicated in the carbon but only to a limited

extent since the peaks have much a lower intensity compared to the zeolite

template. The samples carbonised at 850 and 900 °C showed a weak

shoulder at 28 = 6° which is suggestive of lesser zeolite replication at

higher temperatures.
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The XRD patterns thus show that long-range zeolite-like ordering was not

significantly replicated in the carbons except for ZTC800A. On the other

hand, all three carbon samples showed a broad diffraction feature at ca. 28

= 26° which could be ascribed to the (002) diffraction from

graphitic/turbostratic carbon. The intensity of this peak increases at higher

CVD temperature. In particular, the intensity and sharpness of the (002)

peak for sample ZTC900A is high and thus clearly, greater graphitisation

occurs at 900°C. The doo2 carbon spacing obtained for this peak is 0.394

nm which is ca. 18% higher that the ideal value for graphite (doo2 = 0.335

nm),36 indicating the turbostratic nature of the template carbons.

Based on the XRD patterns, it is quite evident that CVD temperatures play

a key role in replication of zeolite-like ordering and graphitisation. The

differences in the XRD patterns may be explained by the varying rate of

acetonitrile carbonisation either within the pore channels or on the surface

of the zeolite template. Thus at 800°C carbonisation is relatively slow

allowing acetonitrile to permeate into the interior of the zeolite pores and

carbonise therein. On removal of the zeolite framework, the resulting

carbon materials exhibit zeolite-like pore channel structural regularity and

are generally non-graphitic because the carbon deposited within the zeolite

pores is most unlikely to undergo graphitisation as a result of steric

hindrance occasioned by the relatively small size of zeolite pore channets."

On the other hand, a higher carbonisation temperature (e.g. for ZTC900A)

leads to accelerated carbonisation of the acetonitrile precursor on and

within the surface or near surface region of the zeolite particles. Deposition

of carbon near the surface of the of zeolite particles hinders further access

of acetonitrile to the interior pore channels. The formation of carbon is
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mainly on the outer surface of the zeolite particles with no lower levels of

zeolite-like pore channel regularity.

5.3.2 Thermal stabilitv of templated carbons

The burn off temperature of carbons is determined by their level of

graphitisation. The TGA curves represented in Figure 5.2 are thus in good

agreement with the XRD patterns in Figure 5.18 and clearly show that the

burn off temperature of carbon (i.e. onset of mass loss) increases for

carbons prepared at higher CVD temperature. The corresponding

differential gravimetric (DTG) profiles in Figure 5.28 show that the

maximum carbon mass loss centred at ca. 600 °C for ZTC800A shifting to

635 and 660 °C for ZTC850A and ZTC900A, respectively. The shift in the

temperature of maximum mass loss of carbon is in line with a higher

degree of graphitisation for carbon sample prepared at 900 °C.

The thermal gravimetric analysis of the zeolite/carbon composites (shown

in Figure 5.2A with dotted curves for ZTC800A (b'), ZTC850A (c') and

ZTC900A 39) indicated carbon content of 25%, 27% and 30%, respectively.

The zeolite ZY template (Figure S.2A (a» showed no mass loss after 580

°C which confirms its suitability as reliable template for the high

temperature templating process. The TGA profiles for the carbons after

dissolution of zeolite template showed < 1.0% residual weight which

confirms that the resultant carbons were virtually zeolite free.
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Figure 5,2 Thermogravimetric analysis (TGA) curves (A) and differential

thermogravimetric (DTG) profiles (8) of zeolite templated carbons. The

TGA curves (A) represented by dotted lines (b', c' and d') and solid lines (b,

c and d) are for zeolite/carbon composites and carbon materials,

respectively. For clarity, DTG profiles (8) of ZTC800A, ZTC850A and

ZTC900A are offset (y-axis) by 0.1, 0.2 and 0.3 (%/min), respectively.

5.3.3 Textural Properties and porosity of templated

carbons

Figure 5.3 shows nitrogen sorption isotherms and corresponding pore size

distribution (PSD) curves of the carbons. The sorption isotherm for zeolite

(ZY) template is shown for comparison purposes. All the carbon samples

exhibit isotherms typical of microporous materials and show high

adsorption capacities at relative pressure (P/Pe) below 0.02). All the

isotherms also exhibit significant adsorption at PIPe > 0.2 due to the

presence of pores slightly larger than micropores. On the other hand, the
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nitrogen sorption isotherm of the zeolite template (ZY) is clearly Type I as

shown in Figure 5.3A, and exhibits no adsorption at PjPo greater than 0.02.
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Figure 5.3 Nitrogen sorption isotherms (A) and corresponding pore size

distribution curves (8) of zeolite Y (ZY) and zeolite templated carbons

(ZTC800A, ZTC850A and ZTC900A) prepared at 800, 850 and 900 °C,

respectively, via CVD.

Table 5.1 summarises the textural properties of the zeolite templated

carbons. All the carbon samples have higher surface area that the zeolite

template. In particular, ZTC800A* has surface area of 2174 m2jg which

translates into ca. 200% increase over the zeolite template. Similarly the

pore volume remarkably increases with ZTC800A* showing an increase of

up to 240% compared with the zeolite template. It is noteworthy that the

proportion of micropore surface area and pore volume (obtained by

applying t-plot analysis to adsorption data) is significantly high at ca. 75%

and 61% respectively.
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Table 5.1 Textural properties of zeolite templated carbons prepared via

chemical vapour deposition (CVD) at variable temperatures under different

inert environment using acetonitrile as carbon precursor. The sample are

denoted ZTCxy where x is temperature of carbonisation (800, 850 or 900

°C) and y is either nitrogen (N) or argon CA)flow.

Sample Surface area Pore volume Pore size H2 uptake

(m2/g)" (cm3/g)b (nm)? {wtOfo)d density (pl·

ZY 728 (718) 0.37 (0.23) 0.6

ZTC800A 2046 (1480) 1.21 (0.70) 0.6/1.2/2.4 4.9 12.0

ZTC800A* 2174 (1638) 1.26 (0.77) 0.6/1.2/2.4 5.1 11.7

ZTC850A 1594 (916) 1.04 (0.48) 0.6/1.2/2.7 3.3 10.4

ZTC900A 866 (381) 0.71 (0.18) 0.6/1.2/2.7 2.0 11.5

ZTC800N 1837 (1406) 1.07 (0.38) 0.6/1.2/2.4 3.8 10.3

ZTC850N 1717 (1074) 1.10 {D.50) 0.6/1.2/2.7 3.5 10.2

ZTC900N 973 (384) 0.74 (0.18) 0.6/1.2/2.7 2.1 10.8

The values in the parenthesis refer to: at plot micropore area, b t-Plot

micropore volume, and C maxima of the PSD obtained using NLDFT model

analysis. d Represents hydrogen uptake capacity at -196°C and 20 bar and

e is the hydrogen uptake density in IJmol.H2m-2 (p).

The carbons have relatively similar pore size distribution (PSD) as shown in

Figure 5.36. We note that the PSD of all the carbons and the zeolite

template were determined via a non-local density function theory (NLDFT)

model using adsorption data. Despite the fact that the NLDFT model

applied to nitrogen sorption has previously been reported to overestimate

pore size, it is an invaluable comparative analytical tool." 12. 40 All the

carbons exhibit a tri-rnodal PSD with maxima centered at ca. 0.6, 1.2 and

2.4 nm for ZTC800A, while for ZTC850A and ZTC900A the largest pore size

shifts to 2.7 nm. In addition the distribution of the largest pores slightly
[162]
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varies with carbonisation temperature; the sample carbonised at 900°C

has a broader and lower intensity maximum centered at 2.7 nm.

The presence of pores in the micropore range is expected given that the

wall thickness of the zeolite Y framework is ca. 1.0 nm." For all the

carbons the peak centred at 1.2 nm is therefore most probably directly

templated by the zeolite framework. The difference in the expected value

of 1.0 nm of zeolite framework could be attributed to the shrinkage of

carbon during carbonization and lor incomplete filling of the voids of zeolite

pores."! It is noteworthy that the proportion of these pores gradually

reduced at higher sample preparation temperature. This is consistent with

a lowering in the extent of zeolite replication at higher temperature as

discussed above. The pores centered at 0.6 nm may be ascribed to initially

well-ordered carbons upon dissolution in HF breaking off to create pores

that are similar to the parent zeolite. The largest pores centered at 2.4 nm

(for ZTC800A and ZTC850A) and 2.7 nm (for ZTC900A) are clearly too

large to be directly templated by the zeolite. The formation of these small

mesopores may lie in the extent of infiltration of the carbon precursor into

the zeolite pores channels. The degree of infiltration of a carbon precursor

into the channels and/or cages is expected to greatly affect the pore

structure of the resultant carbons with incomplete pore filling generating

larger pores ( > 2 nm) than those that are directly templated (ca. 1.2 nm).

Furthermore, during the carbonization of acetonitrile at 800 - 900°C,

small gaseous molecules such as CO2 and H2 are released, which on exiting

can generate micropores or cause the enlargement of directly templated

pores." Thus the sample carbonised at 900°C exhibited the largest pore

size as expected due to the increased number of small molecules being

[163]



Chapter 5: Supercritical CO2mediated Incorporation of Palladium
Nanoparticles into Zeolite Templated Carbons: Structural Characterisation

and Hydrogen Storage Properties

released and a lower level of carbon infiltration into the zeolite template.

Based on these findings, it is evident that the increase in CVD temperature

affects the porosity of the templated carbons which is similar to the data

reported by Zhao and co-workers." Independently Johnson and co-workers

reported similar PSD and attributed the pore systems to filled and unfilled

zeolite pores in the composite material.35

5.3.4 Effect of carbonisation environment

In order to elucidate the effect of carbonisation environment, a second set

of zeolite templated carbons were prepared under the flow of nitrogen gas

instead of argon. Figure 5.4 shows powder XRD patterns of zeolite/carbon

composite and subsequent resultant carbons prepared at 800 (ZTC800N),

850 (ZTC850N) and 900 °C (ZTC900N). The XRD patterns for the

zeolite/carbon composite are comparable to those in Figure s.lA and

therefore, under nitrogen, the zeolite framework remains intact after the

carbonisation process. Upon dissolution of the zeolite framework in HF acid

followed by refluxing in HCI, the resultant carbons exhibit similar trends

(Figure 5.4B) in their XRD patterns as for samples carbonised under argon

(Figure 5.1B). Thus, the XRD patterns in Figure 5.46, where there is no

clearly resolved peak at 28 value of 60 are suggestive of lack of zeolite-like

framework in the resultant carbons, and in particular for sample ZTC900N.

It is noteworthy that the peak at 28 = 260, ascribed to (002) diffraction of

turbostratic carbon is observed with increased intensity especially for

sample ZTC900N. The higher extent of graphitisation particularly for

ZTC900N is confirmed by TGA and DTG data in Figure 5.5; similar to what

is observed for samples prepared under argon, the burn off temperature

increases for carbons prepared at higher CVD temperature. The TGA
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profiles in Figure S.lA are comparable to those in Figure S.3A; with carbon

mass loss in the same temperature range. However, the zeolite/carbon

composites (Figure S.SA) exhibited a higher carbon fraction of ca. 36% for

ZTC900N compared to 27% for ZTC900A. A likely reason for this is that

nitrogen offers a more favourable (compared to argon) environment for the

deposition of carbon from the acetonitrile precursor.

A B

o 10 20 30 40 50 60
29°

Figure 5.4 Powder XRD patterns of zeolite/carbon composites CA) and

corresponding zeolite templated carbons (8) prepared via CVD under

nitrogen flow.
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Figure 5,5 Thermogravimetric analysis (TGA) curves (A) and differential

thermogravimetric (DTG) profiles (b) of zeolite templated carbon materials

prepared at variable temperatures (800, 850 or 900°C); the TGA curves

(A) represented by dotted lines (a', b' and c') and solid lines (a, b and c)

are composite and pure carbon materials, respectively.

Figure 5,6 shows the nitrogen sorption isotherms of samples prepared

under nitrogen, and the textural properties are summarised in Table 5.1.

All the carbons exhibit isotherms indicative of the presence of micropores

and small mesopores. There is significant adsorption at PIPe below 0.02

indicating the presence of significant microporosity. Similar to samples

prepared under argon, the presence of large micropores and small

mesopores is evidenced by adsorption in the relative pressure (PIPe) range

between 0.1 and 0.6. The presence of micropores ad small mesopores is

confirmed by the PSD curves in Figure s.6B. In contrast, to the carbons

prepared under argon, the samples prepared under nitrogen exhibit small

mesopores that are slightly larger at 2.7 nm for ZTC80sN and ZTC900N.
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Nevertheless, the proportion of pores of size below 2.0 nm, which are

highly sought after for hydrogen storage, are similar for both sets of

samples thus confirming similarity of the tri-modal pore channel systems.
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Figure 5.6. Nitrogen sorption isotherms CA) and corresponding pore size

distribution curves (8) of zeolite templated carbons CZTC800N, ZTC850N

and ZTC900N) carbonised at 800, 850 and 900 °C, respectively.

As shown in Table 5.1, the surface area and pore volume for the carbons

generated under nitrogen are comparable to those of their analogues

prepared under argon flow. Therefore it is reasonable to generalise that the

environment for carbonisation does not appear to have any significant

effect on the textural and structural ordering of the templated carbons.

However, optimisation of the reaction parameters is important in

developing materials with tailored porosity for hydrogen adsorption. To

assess reproducibility of the templating process, an extra carbon sample

denoted ZTC800A* was carbonised at 800 °C under the flow of argon.
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Based on the textural properties summarised in Table 5.1, it is evident that

under our synthesis conditions, the two carbons prepared at 800°C exhibit

similar data within experimental error. Therefore the results presented

clearly represent great potential for modulating the porosity of carbon

samples by varying the CVD temperature. The generated porous carbons

exhibit the highest reported surface area and pore volume for such

synthesis at 800°C in a one-step CVD process using zeolite Y as a hard

template.

5.3.5 Effect of Pd loading in zeolite templated carbons

As previously discussed in section 5.2 similar materials (the so-called

zeolite templated carbons) exhibiting high surface area have been reported

to show attractive hydrogen uptake properties." 10 This section reports on

work done aimed at enhancing the hydrogen uptake capacity via

incorporation of metal nanoparticles in the zeolite templated carbons. It is

believed that the presence of metals such as Ni, Pt, and Pd can enhance

hydrogen uptake capacity on porous carbons due to the overlap of the

potential fields generated at the carbon pore walls and increased

polarizability of the adsorbent surface due to the presence of metal

particles at nanometre scale."

The choice of ZTC800A and ZTC800A* for Pd incorporation, which in this

section are for clarity denoted ZTC8 and ZTC8*, respectively, was based on

their excellent textural properties; the two samples exhibited the highest

surface area and pore volume and the highest proportion of microporosity

(Table 5.1). Furthermore, these carbon samples prepared at 800°C

exhibited some zeolite-like properties as evidenced by a weak XRD peak at

28 = 6° in Figure 5.1. The preparation of Pd-ZTCx samples is detailed in
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section 3.4; in summary the Pd doping process involved the use of

supercritical carbon dioxide as a medium for the carbon/palladium

composites. This method of doping is environmentally benign, fast and

convenient, and generates no waste. Furthermore, given that supercritical

fluids have high diffusivity;34, 43 they are expected to overcome diffusion

and mass transfer limitations inherent in conventional solvents.

5.3.5.1 Structural and thermal analysis of Pd-doped carbons

Comparison of the ZTC and Pd(hfah mixture before and after the reaction

in supercritical CO2 revealed a significant change in colouration from a mix

of crystalline yellow and black to uniformly black throughout the mixture,

which was indicative of a substantial reaction. Powder XRD patterns

presented in Figure S.7A exhibit at least four well resolved peaks for Pd-

loaded samples, whereas for Pd-free samples only one peak at 29 = 6° is

observed.
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Figure 5.7 Powder XRD patterns (A) and TGA curves (B) of Pd-free and Pd-

doped carbons; where a and a* represent zeolite Y template (ZY) and (Pd-

(hfa), while b, c, d, e and fare Pd-free (ZTC8), Pd-doped (ZTC8Pd-0.2,

ZTC8Pd-OA, ZTC8Pd-0.8 and ZTC8Pd-2.0), respectively. Also, represented

inset in (A) is the XRD pattern of Pd-(hfah·

It is worth noting that the zeolitic peak at 28 = 6° is still maintained after

Pd impregnation, though with a shoulder which could be due to an

experimental artefact. The peaks at 28 = 39°, 47° and 68° in the pattern of

the Pd-Ioaded samples are [111], [200] and [220] diffractions from FCCPd

crystals corresponding to d-spacing of 0.224, 0.193 and 0.137 nm,

respectively. The powder XRD patterns for Pd-Ioaded samples are

consistent with those reported by Howdle and co-workers in palladium-

aerogel nanocomposites prepared via supercritical fluids.33 Also, the XRD

pattern of the Pd-(hfah precursor (inset Figure S.7A) exhibits very weak

sharp peaks in the 29 range > 20°. This further confirms that the sharp
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and well defined peaks in the XRD patterns of the Pd-doped samples do

indeed arise from Pd nanoparticles occluded in the carbons.

Figure S.7S shows TGA data for the Pd precursor (Pd-(hfah), Pd-free and

Pd-doped carbons; the mass loss was monitored between room

temperature and 1000 °C at a heating ramp rate of 10°C/min under static

air conditions. The TGA curves indicate a significant mass loss at ca. 600

°C of 80% and 95% for ZTC8Pd-2.0 and ZTC8, respectively, which

corresponds to combustion of carbonaceous material. The residual weight

exhibited by Pd-doped sample confirmed that Pd was successfully

incorporated into carbon substrate. The fact that the Pd-doped carbons

exhibited residual mass at 1000 °C is further evidence for the occlusion of

Pd. The residual mass varied according to the carbon/Pd ratio in the

following order: ZTC8Pd-2.0 (17.9%), ZTC8Pd-0.8 (13.6%), ZTC8Pd-0.4

(10.2%), and ZTC8Pd-0.2 (7.7%). Clearly, the residual mass is rather

larger than the actual amount of Pd added to the carbon, which raises the

possibility that some thermally stable Pd-C may be generated during the

thermal analysis. Detailed investigation of this possibility is rather outside

the scope of this thesis.

The mass loss at temperatures below 100°C is due to removal of any

residual water or other volatile components. It is worth noting here that

the TGA curve of Pd(hfah (Figure S.7S curve a*) indicates complete

decomposition of the Pd precursor with ca. 1.0% residual mass at 135°C.

This is attributed to the fact that the Pd(hfah is thermally labile at low

temperatures and has a low sublimation temperature.": 45 Generally, the

TGA data for the Pd-doped carbons is in good agreement with the XRD
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patterns given that the sample with highest loading (ZTCBPd-2.0) showed

patterns with highest intensity Pd peaks.

In order to assess the effect of higher Pd loading than for sample ZTCBPd-

2.0, the Pd content was doubled to generate a sample designated as

ZTCB*Pd-4.0. The XRD patterns and TGA curves of Pd-free (ZTCB*) and

Pd-doped (ZTCB*Pd-4.0) are presented in Figure S.B. The XRD pattern of

sample ZTCB*Pd-4.0 (Figure S.BA, pattern b) exhibits intense peaks 28 =

390
, 470 and 6Bo

, which are (ill), (200) and (220) diffractions from FCC

Pd crystals. Although the intensity of the Pd peaks for sample ZTCB*Pd-4.0

in Figure S.BA are comparable to those of ZTCBPd-2.0 in Figure S.7A, TGA

data (Figure S.BB) indicates that the former has a higher residual mass of

27.1% (compared to 17.0% for the latter).
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Figure 5.8 Powder XRD patterns (A) and TGA curves (B) of Pd-free carbon

in which (a) and (b) refer to Pd-free (ZTCB*) and Pd-Ioaded (ZTCB*Pd-4.0)

carbons, respectively.
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5.3.5.2 Textural Properties and porosity of Pd-doped carbons

The nitrogen sorption isotherms of the Pd loaded samples are shown in

Figure 5.9A.
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The isotherms of all the Pd loaded samples are very similar to those of the

Pd-free ZTCS/ZTCS* samples, and in all cases therefore indicate the

presence of micropores and small rnesopores." The effect of Pd appears

only to be in a lowering of the overall amount of nitrogen sorbed perhaps

due to blocking of some pores, but with no effect on pore size or pore size

distribution. This is confirmed by the PSD shown in Figure 5.9B. The Pd-

loaded samples exhibit tri-modal pore size distribution centred at 0.6, 1.2

and 2.4 nm.

The textural properties and hydrogen uptake data for the Pd-free and Pd-

loaded samples are summarised in Table 5.2. As expected, the surface

area and pore volume of the zeolite templated carbons reduces on Pd-

doping, and in general the extent of the reduction increases at higher Pd

loading. The decrease in surface area appears to be roughly similar to the

reduction in pore volume. The surface area decreases by 10% and 53%

whereas the pore volume reduces by S% and 54% for ZTC8Pd-0.2 and

ZTC8*Pd-4.0, respectively. The changes in micropore surface area and

micropore pore volume mirror those of the total surface area and pore

volume. The proportion of micropore surface area for most of the samples

is 72 - 75% except for samples ZTC8Pd-2.0 and ZTCS*Pd-4.0 with the

largest amounts of Pd, which it is 31% and 65%, respectively.
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Table 5.2 Textural properties and hydrogen capacity of zeolite templated

carbon with or without palladium.

Sample Surface Pore Pore size H2 uptake

area volume (nm)" (wtOfo)d density

(m2/g). (cm3/g)b (p)-

ZTC8 2046 (1480) 1.21 (0.70) 0.6/1.2/2.4 4.9(5.8) 12.0

ZTC8* 2174 (1638) 1.26 (0.77) 0.6/1.2/2.4 5.1(6.5) 11.7

ZTC8Pd-0.2 1858 (1351) 1.12 (0.63) 0.6/1.2/2.4 5.3(7.3) 14.3

ZTC8Pd-0.4 1390 (1031) 0.82 (0.48) 0.6/1.2/2.4 5.1(6.4) 18.3

ZTC8Pd-0.8 1597 (1187) 0.99 (0.55) 0.6/1.2/2.4 5.1(6.6) 16.0

ZTC8Pd-2.0 1582 (1166) 0.96 (0.55) 0.6/1.2/2.4 4.7(6.1) 14.9

ZTC8*Pd-4.0 1022 (314) 0.58 (0.14) 0.6/1.2/2.4 4.2(5.0) 20.5

The values in parenthesis refer to: at-plot micropore area, b t-plot

micropore volume, C maxima of the PSD obtained using NLDFT model

analysis, d maximum hydrogen uptake (wt %) estimated from Langmuir

plots. Data in e is hydrogen uptake density in pmol.Hsrn" (p).

5.3.5.3 Electron microscopy analysis of Pd-free and Pd-doped

carbons

The TEM images in Figure 5.10 for sample ZTCB* (i.e. before Pd

incorporation) are consistent with the XRD data in showing only low levels

of zeolite-like ordering. There are clearly observable void spaces (Figure

5.108) indicative of incomplete filling of the zeolite template pores in a

manner similar to that observed by Johnson and co-workers on the effect

of micropore topology on the structure and properties of zeolite polymer

repuces." The TEM images are also, in agreement with XRD patterns,

consistent with there being minimal graphitisation for this sample that was

prepared at BOO °C.
[175]



Chapter 5:Supercritical CO2mediated Incorporation of Palladium
Nanopartic/es into Zeolite Templated Carbons: Structural Characterisation

and Hydrogen Storage Properties

Figure 5.10 TEM micrographs of zeolite templated carbon ZTC8*

carbonised at 800 QCin argon flow.

TEM images for the Pd-Ioaded sample with the highest amount of Pd are

shown in Figure 5.11. Irregularly-dispersed spherical Pd nanoparticles of

size 4 - 6 nm are clearly observed. We note that Wai and co-workers,

using supercritical CO2, decorated multi-walled carbon nanotubes

(MWCNTs) with Pd nanoparticles with a size range of 5 - 10 nrn." The

selected area electron diffraction (SAED) pattern of the Pd nanoparticles in

Figure S.11C shows concentric rings without any clear spots, which is

suggestive of nanoparticles composed of agglomerated fine crystallites.

The SAED data is in good agreement with the XRD patterns in Figure S.8A

with well-resolved diffraction peaks corresponding to Pd.
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Figure 5.11 TEM images of the highest doped carbon (ZTC8*Pd-4.0)

illustrating fairly well dispersed Pd nanoparticles with possibility of

agglomeration.

TEM images with Pd-Ioaded samples with intermediate amounts of Pd are

given in Figures 5.12, 5.13 and 5.14. The TEM images clearly show the

increase in amount of Pd. Indeed, for sample ZTC8Pd-0.2, we observed

hardly any Pd particles. This Shows that this amount of added Pd is too low

to allow any significant deposition of Pd nanoparticles that are large

enough to be observed by our TEM. For sample ZTC8Pd-0.4 with 0.4 mg

Pd, it is possible to observe (Figure 5.13) some Pd nanoparticles. For
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sample ZTC8Pd-0.8 with 0.8 mg the Pd particles are easily observed and

appear, in general, to be well distributed throughout the carbon particles

(Figure 5.14). The size of the Pd nanoparticles is rather smaller (3-5 nm)

than those of sample ZTC8*Pd-4.0 (Figure 5.11). Thus the variable Pd

incorporation is evident with less visible Pd nanoparticles on decreasing the

doping amount and vice versa as illustrated in Figure 5.11 to 5.14. Thus on

reducing the amount of Pd(hfah precursor, the loading density of Pd

nanoparticles onto the carbon substrate decreases. Therefore, the findings

in this section clearly demonstrate successful incorporation of Pd

nanoparticles into the carbons by hydrogen reduction of organometallic

precursors using supercritical CO2 as a reaction medium.

Figure 5.12 TEM images of ZTC8Pd-0.2 with 0.2 mg Pd loading.
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Figure 5.13 TEM micrographs of ZTCBPd-OA with 004 mg Pd loading.

Figure 5.14 TEM images of ZTCBPd-O.Bwith O.B mg Pd loading.
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5.4 Hydrogen uptake measurements of Pd-free and

Pd-doped carbons
The safe and reversible storage of hydrogen is one of the main challenges

that must be overcome before the realization of 'Hydrogen Economy'. This

challenge is currently the focus of intensive research as recently

highlighted by the review of Berg and Arean focusing on materials that are

being developed and modified for hydrogen storaqe.' A key aspect of

current research is the ability to correctly determine the hydrogen uptake

of any materials that are developed. Hydrogen uptake is mainly determined

via volumetric or gravimetric methods. In this work, a gravimetric method

has been used and all issues that may affect the obtained results have

been addressed.": 49 The hydrogen uptake isotherms were calculated

based on a carbon density of 1.5 g/cm3, and a hydrogen density of 0.04

g/cm3 was used for buoyancy correction of adsorbed hydrogen.50, 51 The

hydrogen uptake capacity (at 77K and a pressure of 20 bar) for Pd-free

and Pd-doped carbons was obtained as described in section 3.7.2. The

hydrogen storage capacity data is summarised in Table 5.2 and the

corresponding hydrogen uptake isotherms are shown in Figures 5.15 and

5.16. Also presented in Figure 5.16B is a graph showing hydrogen uptake

normalised per unit surface area (i.e. hydrogen uptake density in urnol

H2/m2). The hydrogen uptake isotherms (Figure 5.15 and Figure 5.16A)

show that the adsorption branch for all the samples matches the

desorption branch with no hysteresis suggestive that the hydrogen sorption

is fully reversible. In addition, the isotherms exhibit no saturation in the 0

- 20 bar pressure range indicative of the possibility of higher hydrogen

uptake if the pressure is increased beyond 20 bar.
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Hydrogen uptake of 4.9% (at 20 bar and 77K) for the Pd-free ZTCS carbon

that has a surface area of 2046 m2/g is expected based on the known

performance of zeolite templated carbons. This hydrogen uptake is rather

higher than that which would be predicted based on Chahine rule of 1 wt%

uptake per 500m2/g of surface area." 52 An estimated maximum hydrogen

uptake capacity of 5.S wt% (Table 5.2) was computed by fitting the

experimental data using the Langmuir model 10, 53 The data obtained for

the Pd-free carbon is therefore in good agreement with previous reports on

zeolite templated carbons and more generally with the known relationship

between hydrogen uptake and the surface area of porous matertets.": 54

In general Pd-doped carbons showed higher hydrogen uptake capacity

compared to the original Pd-free carbon. This is clearly illustrated in Figure

5.158 in which samples doped with Pd have a higher uptake per unit

surface area; the improvement in uptake density over Pd-free carbons is

up to 60% greater than the corresponding Pd-free sample. It is interesting

to note that ZTCSPd-0.2 gave the highest hydrogen uptake of 5.3 wt%, but

due to its higher surface area, did not show the highest uptake density.

This highlights the compromise between the optimum incorporation of Pd

and the conservation of microporous structure. The hydrogen uptake data

for the Pd-Ioaded zeolite templated carbons shows a trend similar to that

observed by Yang and co-workers who found the order of hydrogen uptake

in Ru-doped templated carbon to be 6% Ru> S% Ru> 3% Ru. This was

ascribed to both reduced surface area in the case of the highest loading

and a lower amount of Ru metal in the case of the lowest loading. ss
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To further probe the influence of Pd incorporation on the hydrogen uptake,

the hydrogen adsorption energy; the so-called isosteric heat of adsorption

(Qst) of the samples was obtained and compared. The Qst was calculated

using the hydrogen adsorption isotherms measured at two independent

temperatures (-186 and -196 °C) as illustrated in Figure 5.17.

Figure 5.17 hydrogen uptake isotherms of pd-free or pd-doped samples

obtained at 77k (a) or 87k (b). Filled symbols are for adsorption and empty

symbols for desorption.
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The adsorption branch of the hydrogen uptake isotherms in Figure 5.16

was used to determine isosteric heat of adsorption based on the Clausius-

Clapeyron equation as discussed in section 3.7.2. The plots of isosteric

heat of adsorption as a function of hydrogen uptake for the Pd-free and Pd-

doped carbons presented in Figure 5.18 shows that the Qst for Pd-doped

samples are generally higher than Pd-free sample at low hydrogen uptake.
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Figure 5.18 Isosteric heat of adsorption (Qst kl/rnol) as a function of the

quantity of hydrogen adsorbed for Pd-free (ZTC8) and Pd-Ioaded zeolite

templated carbons.

Figure 5.18 dearly illustrates that the heat of adsorption decreases at

higher hydrogen uptake.'?' 14,56,57 The Qst for Pd-free sample (ZTC8) is ca.

5.3 kl/rnol compared to the Pd-doped carbons with up to 6.7 kl/rnol. The

higher values for Pd-doped carbons are indicative of greater hydrogen -

substrate interaction. Overall, the Qst values observed are slightly lower
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than those reported for zeolite templated carbons with smaller pores (8.2

kJ/mol)lo and comparable to those of most activated carbons. (4 to 6.5

kJ/mol).57-59The increase in Qst of 18% may be attributed to the so-called

'spillover' effect whereby hydrogen molecules dissociate to atomic

hydrogen on a metal catalyst and successively migrate from the metal to

the surface of carbonaceous matertel." Similar trends have been reported

by Lueking and Yang in which enhancement of hydrogen storage properties

were established via hydrogen spillover onto metal catalyst (transition

metals such as Pt, Pd and Ni) supported carbon nanotubes.P?: 61

5.5 Summary

Zeolite Y has been used as a hard template to successfully generate a suite

of carbons via inverse replication. The ingress of the carbon precursor into

the zeolite Y pore channels was achieved via chemical vapour deposition at

temperatures between 800 and 900 qc. The sample prepared at CVD

temperature of 800°C exhibited some zeolite-like structural ordering and

the highest textural properties with surface area of ca. 2200 m2/g and pore

volume of 1.26 cm3/g. On the contrary, the extent of graphitisation was

highest for the sample prepared at CVD temperature of 900 QC.The CVD

environment (argon or nitrogen) was found not to have any significant

effect of the textural properties of the zeolite templated carbons, although

nitrogen appeared to favour greater carbon deposition and slightly higher

levels of graphitisation. Supercritical carbon dioxide was used as medium

for the deposition of well dispersed Pd nanoparticles onto the sample

prepared at 800°C. The SCF-mediated Pd incorporation enabled the

decoration of high surface area ZTCs prepared at 800°C with 0.2 - 4.0 mg

of well dispersed Pd nanoparticles. Whilst the surface area and pore volume
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of the carbon decreased on Pd doping, with the decrease dependent on

amount of Pd, there was no change in the pore size or pore size

distribution. Crucially, we observed that Pd incorporation enhances

hydrogen uptake presumably via the so-called spillover process. Although

the surface area and pore volume decreased significantly (by up to 50%)

on Pd incorporation, the hydrogen uptake remained largely unchanged.

This in effect translated to a much higher hydrogen storage density for the

Pd doped carbons. Thus, while the zeolite templated carbon (ZTC) used as

substrate (with surface area of 2046 m2jg) had a hydrogen storage

capacity (at 77K and 20 bar) of 4.9 wt%, the Pd-ZTCs had uptake of 4.7 -

5.3 wt% despite surface area in the range 1390 - 1858 m2jg. The Pd-ZTCs

thus exhibit enhanced hydrogen storage density (14.3 - 20.5 prnol H2/m2),

which is much higher than that of Pd-free zeolite templated carbon (12.0

urnol H2/m2). The hydrogen storage density goes through maxima at 0.4

mg Pd loading.

The findings in this section therefore provide excellent insight into the

process of optimising the balance between metal loading and surface area

so as to achieve the best composite for enhanced hydrogen uptake.
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Chapter 6.0 Two-Step Process Preparation of
Ultrahigh Surface Area Porous Carbons

Templated using Zeolite 13X for Enhanced
Hydrogen Storage

6.1 Abstract
In this chapter, the use of zeolite 13X as a template to generate ultrahigh

surface area carbons, via a two-step process combining liquid impregnation

and chemical vapour deposition is explored. In this method, the first step

involves impregnation of zeolite 13X with furfuryl alcohol and the second

step consists of chemical vapour deposition (CVD) of ethylene. Zeolite-like

structural ordering was achieved for all the zeolite templated carbons

(ZTCs) prepared at variable heating ramp rates. Likewise, the textural

properties for all carbons were comparable with negligible variations. The

templated carbons exhibit very high surface area and pore volume of up to

3332 m2/g and 1.66 cm3/g respectively. The carbon materials achieved a

remarkable hydrogen uptake of 7.3 wt% at 20 bar and 77 K which is the

highest ever recorded for carbon materials. This chapter also explored the

mechanical stability of the carbons via compaction in which the resultant

compacted sample showed minimal modification.

6.2 Introduction
In recent years, research on hydrogen storage has been guided mainly by

the requirements set forth by the United States Department of Energy

(DOE) in 2003.1 Revisions to these requirements are on-going as the

program moves towards its set targets based on improved forecasts that

come from actual experience. For example, the revision done in 2010

decreased the storage target to 5 wt% (40 gil) of hydrogen at ambient

temperature and pressure < 100 bar. One of the most promising methods

to store hydrogen is in solid state materials such as nanostructured porous
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carbon materials, because porous carbons have attractive chemical,

physical, thermodynamic and transport properties compared to other bulky

rnaterlats.!

Nanostructured porous carbons with high surface area and well-ordered

pore systems continue to be a very important category of porous materials

at nanometre scale for possible application in hydrogen storaqe."? Thus,

work in the research group of Mokaya has shown that zeolite templated

carbons store up to 6.9 wt% hydrogen at 20 bar and 77 K, one of the

highest value reported to date." More recently, our group achieved

hydrogen uptake capacity of 7.03 wt% under similar conditions for

ultrahigh surface area polypyrrole-based activated carbons."

Porous carbons are conventionally obtained by carbonisation of precursors

of natural or synthetic origin, followed by chemical or physical activation

procedures. However, traditional activation procedures lack control over

porosity development, leading to materials with broad pore size

distributions and completely disordered structures. On the other hand, hard

templating with inorganic frameworks has been the most successful

method so far in controlling the porosity of carbons.9-15 This method

involves filling the pores of a solid with a different material, and chemical

separation of the resulting material from the template. The success of this

method has also been demonstrated for the preparation of replica

polvmers.P: 17 rnetals'" and sernl-conductors;'?' 20 among an ever

increasing list of novel porous materials. This chapter will describe the use

of suitable templates to prepare carbon materials with controlled

architecture and relatively narrow pore size distribution. In particular, the

target templated carbons that possess a significant proportion of
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micropores below 1.0 nm and preferably in the range 0.6 - 0.8 nm as it is

known from previous studies that such pores are the most efficient for

hydrogen adsorptton." 21-25

Among the many templates that are currently under intensive research for

synthesis of nanostructured carbons, much attention has been paid to

zeolites. 10, 25-28 Despite extensive investigations into nanocasting

techniques, the use of a two-step synthesis, as demonstrated in this

chapter, has not yet been fully exploited. This process involves Liquid

Impregnation (1I) in which zeolite channels are first filled by furfuryl

alcohol followed by polymerisation and partial carbonisation as the first

stage. The second stage involves the use of ethylene as a carbon precursor

for chemical vapour deposition (CVD). The selection of zeolite 13X selection

as a hard template was based on the fact that most studies so far have

focused on the use of zeolite Y (FAU-type structurej.?: 12, 13,29 zeolite beta6,

30 and zeolite EMC-2 (EMT-structure tvpe).?'

Separately, the effect of compaction on the textural properties is assessed

since such materials are expected to withstand high pressure conditions in

some industrial applications. Commercially available activated carbon AX21

was used in this work as baseline material in the assessment of textural

properties before and after compaction.

6.3 Results and Discussion

6.3.1 Structural ordering and thermal stability
Figure 6.1 shows the powder XRD patterns of ZTCs obtained at variable

heating ramp rate. For comparison, the XRD pattern for zeolite 13X and

zeolite/carbon composite are also included. For all the carbons, the XRD

patterns show a sharp peak, similar to that present in the zeolite 13X, at
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28 = 6.3° with d-spacing of ca. 1.4nm which is comparable to that of

zeolite 13X (d-spacing = 1.4 nm). This suggests that the resulting ZTCs

exhibit structural pore ordering similar to that of zeolite 13X.26, 32, 33 In

addition a very broad and weak reflection is observable at ca. 28 = 43°

which is attributed to (101) diffraction from qraphitic/turbostratic carbon.?"

>..
'iii
e
GI..
C...

o 10 20 30 40 50 60

-Z13X
- FA-ZTC1-co
- FA-ZTCl
--- FA-ZTC2
- FA-ZTC3

o 10 20 30 40 50 60
290

Figure 6.1 Powder XRD patterns of zeolite templated carbons (FA-ZTC1,

FA-ZTC2 and FA-ZTC3) prepared at variable heating ramp rate (5, 10 and

15°C/min respectively). Patterns for the zeolite/carbon composite (FA-

ZTC1-co), zeolite 13X (Z13X) are also shown inset.

The weak peak observed at 28 = 43° could be attributed to the presence a

thin layer of turbostratic carbon deposited on the outer surface of the

zeolite particles.i'" 29, 35 However, worth noting is the near complete

absence of an powder XRD reflection at 28 ~ 26°, usually ascribed to the

(002) diffraction of graphitic carbon. The XRD patterns of zeolite 13X and

the zeolite/carbon composite (Figure 6.1 and inset) are characterised by

the appearance of many sharp peaks due to the framework topology of

zeolite 13X. The presence of these peaks is evidence that the zeolite
[196]



Chapter 6: Two-Step Process Preparation of Ultrahigh Surface Area Porous
carbons Templated using Zeolite 13X for Enhanced Hydrogen Storage

framework is not destroyed upon carbonisation and heat treatment at

temperatures of up to 900 °C. However, it is worth noting that the

intensity of zeolite structural peaks is significantly reduced as expected in

the composite particularly at low angle. This is due to the filling of zeolite

pores causing reduction in phase contrast scattering. In contrast to the

single step carbonisation investigated in section 5.5.1, it can clearly be

observed from the XRD patterns in Figure 6.1 that the structural integrity

of zeolite frameworks is more readily replicated in the carbons.

It is reasonable to infer that the FA-ZTC samples are essentially amorphous

(l. e. non-graphitic) with respect to crystallographic ordering. This is

evident from the absence of the peak at 28 ~ 26°, as well as the presence

of a weak and broad peak at 28 = 43°. This is because at 700 °C (which is

the CVD temperature used for synthesis of FA-ZTC samples) the

carbonisation process is relatively slow and the ethylene in the second step

is able to permeate into the zeolite/polyfurfuryl alcohol composite into any

unfilled zeolite pores. The preferential internal deposition of carbon into

zeolite particles has been reported by Mokaya and co-workers to enhance

the replication of zeolite-like pore channel regularity in the resulting carbon

metertals.'? Moreover, given the narrow nanochannels of zeolite 13X, it is

impossible to form stacking structures within the pores and therefore the

expectation is that the resultant carbons will comprise a single graphene

sheet without any stacking and are thus are non-qrapbtttc." Overall, the

XRD patterns indicate that the heating ramp rate had negligible effect on

the structural ordering of the resultant carbons.

The thermal stability of the FA-ZTC samples was probed by

Thermogravimetric Analysis (TGA). Figure 6.2 shows the TGA curves of the
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zeolite template (Z13X), zeolite/carbon composite (FA-ZTC1-Co) and a

representative carbon (FA-ZTC1).

100 1-:::;;:;;;;=====---=-:-~-1
~\ Z13X

~~ 'A-ZTCl-m

\FA-ZTCl

o~--~-.--~==~~
o 200 400 600 800 1000

Temperature ( GC)

80

-.'!- 60.......s:
01.Qj
~ 40

20

Figure 6.2 TGA curves for zeolite 13X (Z13X), zeolite/carbon composite

(FA-ZTC1-co) and a representative zeolite template carbon (FA-ZTC1).

The TGA curve of the zeolite 13X template shows a weight loss event of ca.

10% in the temperature range 180°C to 350 °C which is attributable to

water. As expected after this early weight loss, the zeolite is stable up to

1000 cc. TGA curve for the zeolite/carbon composite (FA-ZTC1-co) exhibits

a single weight loss between 400 and 560°C due to the combustion of the

carbon component. The percentage of carbon in the zeolite/carbon

composite was determined to be ca. 28%. The assessment of a

representative template free carbon sample (FA-ZTC1) by TGA showed that

the carbons exhibit a residual weight of < 2% at 620°C thus confirming

that the resultant carbons are virtually zeolite-free. In addition, it is clearly

observable that the carbon sample obtained is mainly one phase material

given the sharp weight loss within a temperature range of < 5 cc.
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6.3.2 Porosity of zeolite templated carbons
Nitrogen sorption isotherms and corresponding pore size distribution curves

of the zeolite templated carbons prepared at variable heating ramp rate are

shown in Figure 6.3. For comparison, the data for the zeolite 13X template

and commercially available activated carbon (AX21) is also presented. The

nitrogen sorption isotherms of all the prepared carbons are mainly type I,

with a high nitrogen uptake in the low relative pressure domain (P/Po <

0.01). The isotherms reveal the super-microporous character of the

prepared carbon materials (1.0 nm < pore diameter < 2.0 nm).

A
0.20

""Q.
I- -:II)

c:JI
c:JI '"....... E 0.15
'" uE -.J
U III-.J E"g
III - Z13X

:J
.c '0... - FA-ZTCl > 0.10
0
1/1 - FA-ZTC2 III
"g ...
1'0 0
III - FA-ZTC3 Q.

E -AX21
:J 0.05
'0
>

0.0 0.2 0.4 0.6 0.8 1.0 o 1 2 3 4 5

Relative Pressure (P/Po) Pore size (nm)

Figure 6.3 Nitrogen sorption isotherms (A) and pore size distribution curves

(B) for (a) zeolite 13X, (b) FA-ZTC1, (c) FA-ZTC2, (d) FA-ZTC3 and (e)

AX21. For clarity, the PSD curves (B); (b), (c), (d) and (e) are offset (y-

axis) by 0.01, 0.04, 0.06 and 0.08 cm3/g, respectively.

The isotherms of all the FA-ZTCx samples exhibit hysteresis over a wide

range of relative pressure (P/Po = 0.01 to 0.99) which has previously been

reported for some zeolite templated carbons.'?' 27, 37, 38 The isotherms are
[199]



Chapter 6: Two-Step Process Preparation of Ultrahigh Surface Area Porous
carbons Templated using Zeolite 13X for Enhanced Hydrogen Storage

consistent with the data reported by Mokaya and co-workers for zeolite

templated carbons that exhibit significant levels of zeolite-like orderinq." 12

The pore size distribution curves for the microporous carbons, calculated

using Nonlocal Density Function Theory (NLDFT) are presented in Figure

6.3B. The carbons templated from zeolite 13X exhibit unimodal PSD

maximum centred at 1.2 nm; the pore size maxima are summarised in

Table 6.1. The obtained pore size of 1.2 nm is consistent with previous

studies that have shown that zeolite templated carbons with higher levels

of zeolite-like ordering do not possess pores larger than 1.5 nrn." 15,34

On the contrary the AX21 sample has a bimodal pore size distribution

centered at 1.1 and 2.5 nm with a higher proportion of the latter pores.

Table 6.1 gives the textural parameters and hydrogen uptake of the FA-

ZTCx zeolite templated carbons, along with data for the zeolite 13X

template.
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Table 6.1 Textural properties and hydrogen uptake of ultrahigh surface

area porous carbons prepared by a two-step process using zeolite 13x. Also

data for zeolite 13X is included for comparison.

Sample Surface area Pore volume Pore size H2uptake

(ml/g}a (cml/g}b (nm)? (wt%}d density (p)-

l13X 658 (646) 0.33 (0.31) 1.0

FA-lTC1 3332 (2837) 1.66 (1.18) 1.2 7.3 11.0

FA-lTC2 3106 (2728) 1.50 (1.13) 1.2 6.6 10.6

FA-lTC3 3169 (2760) 1.55 (1.15) 1.2 6.0 9.5

The values in the parenthesis refer to: "micropore surface area, bmicropore

volume and 'maxlma of the PSD obtained using NLDFT analysis. "hydroqen

uptake capacity at 77 K and 20 bar and e(p) is the hydrogen uptake

density in IJmol.H2 m-2•

All the carbon samples possess high surface area and large pore volume of

up to 3332 m2/g and 1.66 cm3/g, respectively, which is one of the highest

to date for zeolite templated carbons. The high surface area of FA-ZTCs

may be attributed to the presence of single nanographene sheets with

surface available as described by Kyotani and co-workers." Moreover, the

graphene sheet at nanometre scale consists of a large number of edges,

which contribute to an increase in specific surface area. Noteworthy is the

proportion of micropore surface area and pore volume that is significantly

high; typically up to 88% of the total surface area, while the micropore

volume contributes up to 75% of the total pore volume. This agrees with

the high level of zeolite-type pore ordering consistent with XRD patterns

(shown in Figure 6.1) which favours high surface area and large pore

volume with sizable proportion of microporosity.
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6.3.3 Nanoscale ordering of zeolite templated carbons
Transmission Electron Micrograph (TEM) images recorded for FA-ZTC2 with

a JEOL 2100F at a resolution of 0.14 nm operating at 200kV are presented

in Figure 6.4.

Figure 6.4 TEM images of zeolite templated carbon (sample FA-ZTC2).

The TEM micrographs clearly reveal well-ordered micropore channels,

which is consistent with XRD patterns illustrated in Figure 6.1. The

formation of well-ordered microporous carbon further confirms that the

amount of carbon infiltrated into the zeolite channels via the two-step

synthesis method was sufficient. Thus, the zeolite-like structural framework
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is preserved in the synthesis process. Noteworthy is the absence of the

outer layer covering the particles which rules out the possibility of

graphitisation arising from carbon deposited on the external surface of the

zeolite particle.

6.3.4 Assessment of mechanical stability of FA-ZTCs
The mechanical stability of the carbon (FA-ZTC3) prepared at highest

heating ramp rate was investigated via compaction at 5 Tons and 10 Tons.

In order to do a comparative study, commercially available activated

carbon (AX21) was used as a baseline. Figure 6.5 shows powder XRD

patterns of the carbonaceous material before and after compaction. The

compacted carbons were ground into powder before analysis.

- FA-ZTC3
- C5-FA-ZTC3
- C10-FA-ZTC3

~
'iii
cs
c...

o 10 20 30 40 50 60
2ao

Figure 6.5 Powder XRD patterns of zeolite templated carbon (FA-ZTC3)

before and after compaction (CS and Cl0 for compaction at 5 and 10 Tons,

respectively) .
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..
The powder XRD patterns depicted in Figure 6.5 show that the carbon

framework of the zeolite templated carbon can withstand mechanical

pressure for 10 mins under pressures as high as 10 Tons. The structural

ordering remains the same after being exposed to such high compaction

pressure.

Nitrogen sorption isotherms (A and C) and corresponding pore size

distribution curves (8 and D) for FA-ZTC3 and AX21, respectively before

and after compaction are shown in Figure 6.6. Although the shape of the

isotherms does not change after compaction, retaining a type I isotherm

typical of microporous rnetenets," it is clearly observable in Figure 6.6A

and 8 that compacted samples have reduced adsorption as compared to

non-compacted samples.
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Figure 6.6 Nitrogen sorption isotherms of zeolite templated carbon (A) and

commercially available activated carbon; AX21 (C) before and after

compaction, (B) and (D) shows the corresponding PSD curves obtained via

NLDFTmodel, respectively.

It is worth noting that, the zeolite templated carbon sample (CIO-FA-ZTC3)

compressed at 10 Tons shows the lowest nitrogen adsorption which is

opposite to that of the commercially available activated carbon (C10-

AX21). The PSDcurves in Figure 6.68 and D clearly show that the pore size
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remains largely unchanged after compaction. Textural properties

summarised in Table 6.2 provide further evidence of negligible

modifications in the zeolite templated carbons after compaction.

Table 6.2 Textural properties and hydrogen uptake (wt%) of FA-ZTC3 and

AX21 before and after compaction.

Sample Surface Pore volume Pore Hz uptake

area {cm3/g)b size (wt%)d density

(mz/g). (nrn)" (p)-

CS-AX21 2787 (2226) 1.64 (1.21) 1.1 (2.5) 6.2 11.1

CIO-AX21 3059 (2454) 1.79 (1.32) 1.2 (2.5) 6.0 9.8

CS-FA-ZTC3 3192 (2769) 1.60 (1.15) 0.6/1.2 6.3 9.9

C10-FA-ZTC3 2782 (2430) 1.27 (0.91) 0.6/1.2 5.9 10.6

The values in the parenthesis refer to: "micrcpore surface area, "rnicrcpore

volume and cmaxima of the PSD obtained using NLDFT analysis "hvdroqen

uptake capacity at 77K and 20 bar and "hydrcqen uptake density (p) in

prnol.H, m".

The BET surface area of Cl0-FA-ZTC3 (2782 m2/g) and pore volume (1.27

cm3/g) confirms that, at a pressure of 10 Tons, the sample is slightly

modified. This may be attributed to the blocking of some pores during the

compaction process, which in turn reduces the exposed surface area as

well as the pore volume. Also, worth noting is the proportion of

microporosity in FA-ZTC3 and its compacted derivatives (C5-FA-ZTC3 and

C10-FA-ZTC3) which is 87%. Likewise, the compacted zeolite templated

carbons (CS-FA-ZTC3 and C10-FA-ZTC3) had significant proportion of

micropore volume of up to 74% of the total volume.
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6.3.5 Hydrogen uptake storage
The hydrogen uptake isotherms were obtained by gravimetric analysis at

three independent temperatures; namely 77 K, 87 K and 298 K and at

pressures up to 20 bar as shown in Figure 6.7 and 6.8.

AX21
O>Z1O ~

6 87K/ 6 87~"
,/' ?~ 0<>
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Figure 6.7 Hydrogen uptake isotherms at 77 k and 87 k for FA-ZTCl and

AX21.
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Figure 6.8 Hydrogen uptake isotherms for zeolite carbon samples (FA-ZTC2

and FA-ZTC3) and AX21 at 298 K.
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The corresponding hydrogen uptake and hydrogen uptake density at 20 bar

and 77 K are summarised in table 6.1. The obtained sorption isotherms

and in particular figure 6.7 analysed at cryogenic temperatures shows the

desorption branches (open symbols) matching the adsorption branches

(filled symbols) of the isotherms without hysteresis. This indicates that

hydrogen sorption is totally reversible. In addition, it is clearly observable

in figure 6.7 that the isotherms do not attain hydrogen saturation at 20 bar

which implies that higher capacities of hydrogen storage are possible above

20 bar. However, the scenario is different at 298 k as illustrated in figure

6.8 in which hydrogen sorption isotherms remain almost linear. It is clear

the temperature strongly affects hydrogen uptake of carbon materials. This

is expected given the nature of the physisorption process that governs the

hydrogen uptake.

Sample FA-ZTC1, which has the highest surface area and micropore

surface area of 3332 and 2837 m2/g, respectively, exhibits the highest

hydrogen uptake capacity of 7.3 wt% at 20 bar and 77 K. It is worth noting

that this uptake is the highest ever recorded for any carbon material.21.40-48

This result surpasses the 6.9 wt% previously reported for a zeolite EMC-2

templated carbon," 7.03 wt% for a polypyrrole-derived activated carbon?

and 7.08 wt% for a doubly activated carbon." The high uptake is

attributed to well-controlled pore size centered at 1.2 nm as well as the

high surface area. Furthermore, the amount of hydrogen uptake at ambient

temperatures (298 K) of up to 0.36 %wt, is comparable to previously

reported work by Thomas.f A maximum hydrogen adsorption capacity of

up to 9.22 wt% (equivalent to hydrogen uptake density of 13.8 urnol H2/m2

for FA-ZTC1 was obtained via extrapolation by fitting the adsorption data

at 77 K with the Langmuir model. 50 The unprecedented high hydrogen
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storage exhibited in this chapter provides further evidence that zeolite

templated carbons remain as one of the key materials for gas storage

media. Overall, the optimal pore size and pore size distribution,

simultaneously generating high surface area, offer a great potential for

enhanced hydrogen storage.

Effect of compaction on hydrogen uptake

Hydrogen uptake capacity for FA-ZTC3 and its compacted derivatives was

determined under similar conditions to sample AX21 with its compacted

derivatives. Figure 6.9 shows the hydrogen sorption isotherms for

compacted and non-compacted carbonaceous materials.

__ AX21 7.0 %wt]
__._ CS-AX21 6.2 c;'cwt]
-- Cl0-AX21 6.0 C;'i:wt]

O~--~----~---'----~
o 5 10 15

Pressure (Bar)

7,--------------------,

6

....
i 5.;.
'-'

1
- FA-ZTC3 6.0 %]
--- CS-FA-ZTC3 6.3 %]
__ Cl0-FA-ZTC3 5.9"le]

20
O+---~----~--~--~

o 10 15 205
Pressure (Bar)

Figure 6.9 Hydrogen uptake isotherms at 77 K of FA-ZTC3 and AX21 before

and after compaction.

The hydrogen sorption isotherms in figure 6.9 show a fully reversible

hydrogen sorption process. The percentage changes in hydrogen uptake
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capacity after compaction showed a decrease of 14% for AX21 and an

increase of 5.0% for FA-ZTC3 (table 6.2). The small changes in the amount

of hydrogen adsorbed at 20 bar before and after compaction may be

attributed to the increased packing density of carbons after compaction at

higher pressure without much change in porosity. 51, 52 The changes in

hydrogen uptake capacities may be attributed to modification of the

specific interparticle pore volume upon compaction.

Generally, the FA-ZTCs recorded hydrogen uptake capacity that tends to

generally outperform or is in line with the Chahine rule as illustrated in

Figure 6.10.53,54

8 ~----------------------
•-..::

'$ 6-cv.:.:
RI

Q. 4
:::J
Ccv
Cl
f 2
">::J:

Key:

• FA-ZTCx
• CompactedFA-ZTC3

-- Chahine rule
(1%wt/ 500 m2g-1)

o ~--~--~----~--~--~
1000 1500 2000 2500 3000 3500

BET surface area (m2/g)

Figure 6.10 Correlation between BET surface area and hydrogen uptake

capacity (%wt) for carbon samples.

Chahine rule is a widely accepted relationship which states that in general

there is 1 wt% hydrogen adsorption for every 500 m2/g of surface area

which was first articulated in 1996.55 This is equivalent to a hydrogen

density of 10 umol H2 m2• Therefore, the FA-ZTCx carbons generally
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showed superior hydrogen uptake as compared to the average for

carbonaceous materials. The hydrogen uptake capacity is closely related to

the surface area of the carbons which is in agreement with most previously

reported deta.": 56 Overall, higher hydrogen uptake is attributed to the

presence of optimal pore size range and that of an enclosed surface area

with high proportion of micropores. FA-ZTCs have PSD with maximum

centered at 1.2 nm. This agrees with Fischer and co-workers who

concluded that pores larger than 1.5 nm make little contribution to

hydrogen uptake at 77 K and pressure of up to 60 bar. 57

6.4 Summary
The nanocasting technique via a two-step synthesis process has been

employed to generate a suite of porous carbons with zeolite-like structural

ordering. It was found that the heating ramp rate has negligible effects on

the textural properties while compaction of carbons resulted in slight

modification of porosity. All the carbons prepared irrespective of whether

unmodified or modified exhibit high surface area and large pore volume of

up to 3332 m2/g and 1.66 cm3/g, respectively. The porosity in the prepared

carbons consisted of mainly micropores with a unimodal pore size

distribution centred at 1.2nm. A total hydrogen uptake capacity of up to

7.3 wt% at 20 bar and 77 K was achieved, which is the highest ever for a

carbon material. This study provides a promising route to synthesis and

post synthesis modification of carbon materials with tuneable porosity. The

findings add new insights that are valuable for the development of

carbonaceous materials with enhanced hydrogen storage capacity.

[211]



Chapter 6: Two-Step Process Preparation of Ultrahigh Surface Area
Porous Carbons Templated Using Zeolite 13X for Enhanced

Hydrogen storage

6.5 Bibliography
1. Fuel Cell Technologies Program Multi-Year Research, Development

and Demonstration Plan; The DOE Hydrogen and Fuel Cells
Program,http://www1.eere.energy.gov/hydrogenandfuelcells/myppl
,Accessed 2nd July 2012.

2. A. M. Seayad and D. M. Antonelli, Adv. Mater., 2004, 16, 765-777.

3. A. W. C. van den Berg and C. O. Arean, Chern. Commun., 2008,
668-681.

4. R. Strobel, L. Jorlssen, T. Schliermann, V. Trapp, W. SchOtz, K.
Bohmhammel, G. Wolf and J. Garche, Journal of Power Sources,
1999, 84, 221-224.

5. K. M. Thomas, Catal. Today, 2007, 120, 389-398.

6. Z. Yang, Y. Xia and R. Mokaya, J. Am. Chern. Soc., 2007, 129,
1673-1679.

7. M. Sevilla, A. B. Fuertes and R. Mokaya, Energy Environ. Sci. ,
2011, 4, 1400-1410.

8. M. Sevilla, R. Mokaya and A. B. Fuertes, Energy Environ. Sci.,
2011, 4, 2930-2936.

9. T. Kyotani, Bull. Chern. Soc. Jpn., 2006, 79, 1322-1337.

10. Y. Xia, Z. Yang and R. Mokaya, Nanoscale, 2010, 2, 639-659.

11. A. A. Zakhidov, R. H. Baughman, Z. Iqbal, C. Cui, I. Khayrullin, S.
O. Dantas, J. Marti and V. G. Ralchenko, Science, 1998, 282, 897-
901.

12. N. Alam and R. Mokaya, Energy Environ. Sci., 2010, 3, 1773-1781.

13. J. Lee, J. Kim and T. Hyeon, Adv. Mater., 2006, 18, 2073-2094.

14. R. Ryoo, S. H. Joo, M. Kruk and M. Jaroniec, Adv. Mater., 2001, 13,
677-681.

[2121

http://Program,http://www1.eere.energy.gov/hydrogenandfuelcells/myppl


Chapter 6: Two-Step Process Preparation of Ultrahigh Surface Area Porous
carbons Templated using Zeolite 13X for Enhanced Hydrogen Storage

15. Y. Xia, G. S. Walker, D. M. Grant and R. Mokaya, 1. Am. Chem.
Soc., 2009, 131, 16493-16499.

16. R. V. Parthasarathy and C. R. Martin, Nature, 1994, 369, 298-301.

17. S. A. Johnson, P. J. Ollivier and T. E. Mallouk, Science, 1999, 283,
963-965.

18. C. R. Martin, Adv. Mater., 1991, 3, 457-459.

19. C. West and R. Mokaya, Chem. Mater., 2009, 21, 4080-4086.

20. J. D. Klein, R. D. Herrick, D. Palmer, M. J. Sailor, C. J. Brumlik and
C. R. Martin, Chem. Mater., 1993, 5, 902-904.

21. N. Texier-Mandoki, J. Dentzer, T. Piquero, S.-E. Saadallah, P. David
and C. Vix-Guterl, Carbon, 2004, 24, 2744-2747.

22. I. Cabria, M. J. lopez and J. A. Alonso, Carbon, 2007, 45, 2649-
2658.

23. G. Yushin, R. Dash, J. Jagiello, J. E. Fischer and Y. Gogotsi, Adv.
Funct. Mater., 2006, 16, 2288-2293.

24. Y. Gogotsi, R. K. Dash, G. Yushin, T. Yildirim, G. laudisio and J. E.
Fischer,l. Am. Chem. Soc., 2005, 127, 16006-16007.

25. M. Sevilla, N. Alam and R. Mokaya, 1. Phys. Chem. C, 2011, 114,
11314 - 11319.

26. T. Kyotani, Z. Ma and A. Tomita, Carbon, 2003, 41, 1451-1459.

27. T. Kyotani, T. Nagai, S. Inoue and A. Tomita, Chem. Mater., 1997,
9, 609-615.

28. P. Enzel and T. Bein, Chem. Mater., 1992,4,819-824.

29. Z. Ma, T. Kyotani and A. Tomita, Carbon, 2002, 40, 2367-2374.

[213]



Chapter 6: Two-Step Process Preparation of Ultrahigh Surface Area Porous
carbons Templated using Zeolite 1.3X for Enhanced Hydrogen Storage

30. A. Pacula and R. Mokaya, J. Phys. Chem. C, 2008, 112, 2764-2769.

31. C. Ducrot-Boisgontier, J. Parmentier and J. Patarin, Microporous
Mesoporous Mater., 2009, 126, 101-106.

32. F. O. M. Gaslain, J. Parmentier, V. P. Valtchev and J. Patarin, Chem.
Commun., 2006, 991-993.

33. Z. Yang, Y. Xia and R. Mokaya, Microporous Mesoporous Mater.,
2005, 86, 69-80.

34. Z. X. Yang, Y. D. Xia, X. Z. Sun and R. Mokaya, J. Phys. Chem. S,
2006, 110, 18424-18431.

35. Z. Ma, T. Kyotani and A. Tomita, Chem. Commun., 2000, 2365-
2366.

36. H. Nishihara, Q.-H. Yang, P.-X. Hou, M. Unno, S. Yamauchi, R.
Saito, J. I. Paredes, A. Martinez-Alonso, J. M. D. Tascon, Y. Sato, M.
Terauchi and T. Kyotani, Carbon, 2009,47, 1220-1230.

37. S. A. Johnson, E. S. Brigham, P. J. Ollivier and T. E. Mallouk, Chem.
Mater., 1997, 9, 2448-2458.

38. F. Su, X. S. Zhao, L. Lv and Z. Zhou, Carbon, 2004, 42, 2821-2831.

39. K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A.
Pierotti, J. Rouquerol and T. Siemieniewska, Pure Appl. Chem.,
1985, 57, 603-619.

40. M. Armandi, B. Bonelli, C. O. Arean and E. Garrone, Microporous
Mesoporous Mater., 2008, 112, 411-418.

41. P. Chen, X. Wu, J. Lin and K. L. Tan, Science, 1999, 285, 91-93.

42. M. Hirscher and B. Panella, J. Alloys Compd., 2005, 404-406, 399-
401.

43. C. Liu, Y. Y. fan, M. Liu, H. T. Cong, H. M. Cheng and M. S.
Dresselhaus, Science, 1999, 286, 1127-1129.

[214]



Chapter 6: Two-Step Process Preparation of Ultrahigh Surface Area Porous
carbons Templated using Zeolite J3X for Enhanced Hydrogen Storage

44. M. Rzepka, P. Lamp and M. A. de la Casa-Lillo, J. Phys. Chem. B,
1998, 102, 10894-10898.

45. L. Schlapbach and A. Zuttel, Nature, 2001, 414, 353-358.

46. E. Terres, B. Panella, T. Hayashi, Y. A. Kim, M. Endo, J. M.
Dominguez, M. Hirscher, H. Terrones and M. Terrones, Chem. Phys.
Lett., 2005, 403, 363-366.

47. Y. Xia and R. Mokaya, J. Phys. Chem. C, 2007, 111, 10035-10039.

48. W. C. Xu, K. Takahashi, Y. Matsuo, Y. Hattori, M. Kumagai, S.
Ishiyama, K. Kaneko and S. Iijima, Int. J. Hydrogen Energy, 2007,
32, 2504-2512.

49. H. Wang, Q. Gao and J. Hu, J. Am. Chem. Soc., 2009, 131, 7016-
7022.

50. G. Srinivas, Y. Zhu, R. Piner, N. Skipper, M. Ellerby and R. Ruoff,
Carbon, 2010, 48, 630-635.

51. J. Juan-Juan, J. P. Marco-Lozar, F. Suarez-Garcia, D. Cazorla-
Arnoros and A. Linares-Solano, Carbon, 2010, 48, 2906-2909.

52. J. Alcaniz-Monge, G. Trautwein, M. Perez-Cadenas and M. C.
Roman-Martinez, Microporous Mesoporous Mater., 2009, 126, 291-
301.

53. P. Benard and R. Chahine, Scripta MateriaJia, 2007, 56, 803-808.

54. E. Poirier, R. Chahine and T. K. Bose, Int. J. Hydrogen Energy,
2001, 26, 831-835.

55. R. Chahine and T. K. Bose, Characterization and optimization of
adsorbents for hydrogen storage, Proc. 11th World Hydrogen
Energy Conf., Stuttgurt, 1996, PP 1259 - 1263.

56. A. G. Wong-Fay, A. J. Matzger and O. M. Yaghi, J. Am. Chem. Soc.,
2006, 128, 3494-3495.

[215]



Chapter 6: Two-Step Process Preparation of Ultrahigh Surface Area Porous
carbons Templated using Zeolite 13X for Enhanced Hydrogen Storage

57. Y. Gogotsi, C. Portet, S. Osswald, J. M. Simmons, T. Yildirim, G.
Laudisio and J. E. Fischer, Int. J. Hydrogen Energy, 2009, 34, 6314-
6319.

[216]



Chapter 7: Preparation of Templated and Activated Carbon Aerogels
for Carbon Dioxide Capture

Chapter Seven

7.0 Preparation of Templated and Activated Carbon Aerogels for
Carbon Dioxide Capture 218

7.1 Abstract 218

7.2 Introduction 218

7.2 Results and Discussion 222

7.2.1 Structure and porosity of CaCl2-tempated carbon aerogels .... 222

7.2.2 Thermogravimetric analysis 228

7.2.3 Chemical activation of CaCb-templated carbon aerogels ....... 229

7.2.4 Effect of organic precursor on porosity on activated carbon
aerogels 233

7.3 Measurement of Carbon dioxide uptake capacity 240

7.4 Summary 244

7.5 Bibliography 245

[217]



Chapter 7: Preparation of Templated and Activated Carbon Aerogels for
Carbon Dioxide Capture

7.0 Preparation of Templated and Activated
Carbon Aerogels for Carbon Dioxide Capture

7.1 Abstract
This chapter describes the preparation of carbon aerogels by carbonising

either resorcinol - formaldehyde (RF) or melamine - formaldehyde resins

(MF) at high temperature (between 700 and 900 0c) under a nitrogen

atmosphere. The influence of a metal salt template in the synthesis of MF

resin is investigated and in particular its effect on the porosity of the

resultant carbons. The control of activation parameters such as reaction

temperature and amount of potassium hydroxide are investigated with the

aim of tailoring the porosity of carbon materials. The templated carbons

after activation exhibit ultrahigh surface area and large pore volume up to

ca. 3343 m2jg and 2.65 cm3jg, respectively. All the carbons exhibit

significant CO2 uptake of up to 2.6 mmol/g at 298 K and 1 bar.

7.2 Introduction
The world's energy demand is currently supplied mostly by fossil fuels;

namely petroleum, natural gas and coal, which are depleting rapidly due to

ever increasing energy demands. Fossil fuel combustion generates

pollutants, particularly carbon dioxide (a greenhouse gas) emissions

associated with global warrntnq."" This is threatening the stability of the

Earth's climate. Hoffert et al. in their research based on climate models and

paleoclimate data projected an increase in atmospheric carbon dioxide of

up to 550 ppm by the end of this century." The increased dependency on

fossils fuels therefore dictates the need to develop systems that will reduce

CO2 emissions.
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Considerable research efforts are currently directed at finding the most

effective way to reduce CO2 emissions without compromising economic

growth. This will require innovative changes in the technology of energy

production, distribution, storage and converslon.? The current industrial

separation of CO2produced from combustion of fossil fuels is handled via

amine scrubbing technology involving absorption and stripping with

aqueous amtne." 9 However, this technology suffers from several

drawbacks (e.g. energy consumption, corrosion of the equipment or

toxicity) and, in consequence, there is great interest in developing other

capture methods. A good alternative is to use sorbents to capture CO2 by

means of pressure, temperature or vacuum swing adsorptlon.P It is highly

desirable, therefore, to develop novel sorption materials with enhanced

adsorption capacity, good regeneration stability and enhanced selectivity

for C02.4, 5, 11 In recent years, porous materials possessing high surface

area and tuneable pore size distribution have shown excellent gas

adsorption properties. In addition to the desirable properties discussed

earlier for enhanced gas storage, porous materials can be functionalised in

order to improve selectivity for CO2 capture and storaqe." 11

Unlike liquid alkaline solution absorption technology, which is well

developed and used in almost all commercial processes for capturing CO2,

the development of porous solid CO2 adsorbents still remains a great

challenge. The current intensive research into the necessary technology for

potential commercialisation is driven by the set goals of the Department of

Energy (DOE). The specific goal set by the DOE is to have technologies

developed by 2012 which can achieve 90% CO2capture at an increase in

the cost of electricity of less than 20% and 10 % for post-combustion/oxy-

combustion and pre-combustion, respectlvelv." In an attempt to tackle
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limitations of CO2capture via conventional amine solutions, a wide range of

novel materials including amine-modified silicas 13-15and zeolites 16-18have

been widely investigated as CO2 uptake media. In the former, surface

modification enhances selectivity for CO2adsorption through the formation

of carbamate or bicarbonate species according to the following pathways.

- +
RNHC02 RNH3
Carbamate

(In water-free
environment)

+ + 2-
RNH2+ CO2+ H20 ~(-~) RNH3 HC03 ~ RNH3 C03

Bicarbonate Carbonate
(In presence
of water)

In recent years, much of the focus of research has been on the use of

Metal Organic Frameworks (MOFs) 19-21andporous carbons22-24 as CO2

capture materials owing to their exceptionally high surface areas and

tuneable porosity. In particular, carbon-based porous materials are

attractive because they are relatively easy to regenerate due to their

moderate heats of sorptlorr", and non-expensive preparation methods.

They also, have good chemical stability26 and are not as sensitive to water

as the other COrphilic materials aforementioned. However, the adsorption

of CO2 on these porous materials is typically a weak physisorption process

which can result in low uptake capacity coupled with poor selectivity and

great sensitivity to temperature. The current intensive research efforts are

therefore directed towards enhancing the adsorbate-adsorbent interactions

and selectivity for CO2 capture.

Several studies have reported on the enhancement of the CO2 adsorption

capacity of carbon-based adsorbents by chemical modification of carbon

structure by means of impregnation with amines.27-29Improvement in CO2

uptake capacity has also been reported in other porous materials (e.g.
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ordered mesoporous silicas) after post-synthesis modification via grafting

amine groups onto their surfaces.':" 30-32 However, incorporation of amine

groups is known to block pores which in turn hinder accessibility to interior

porosity, but grafted amines also suffer from leaching and instability in any

subsequent regeneration step.": 33 Other strategies are based on the

utilization of nitrogen-rich carbon compounds as precursors."

Porous carbons with tuneable, optimised pore structure and high surface

area are highly sought after given their potential for gas adsorption as

discussed in section 1.7. It is desirable to prepare carbon-based materials

that combine efficient CO2 uptake capacity and selectivity at moderate

temperatures. Despite possessing excellent textural parameters such as

high surface-to-volume ratios and continuous porosities, no detailed

studies have been done on the use of KOH activated carbon aerogels on

CO2 capture. Recently, Robertson and Mokaya prepared carbon aerogels

via sol-gel methods which exhibited high CO2 uptake capacities of up to

13.2 wt% (3 mmol/g) at 298 K and atmospheric pressure;" Furthermore,

carbon aerogels have a network structure of interconnected nanometre

sized primary particles with micropores related to intraparticle structure,

whereas mesopores and macropores related to interparticle structure."

This is one of the key advantages of carbon aerogels, affording control of

the amount of micropores and mesopores independently. The work

reported in this chapter is based on a systematic study of porous carbons

involving fabrication of carbon aerogels with or without the use of an

inorganic metal salt as a structure director (i.e., porogen). The synthesis

included chemical activation of the aerogels in order to generate carbons

with high surface area and pore volume;"
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Conventionally, carbon aerogels (CA) are prepared through the sol-gel

polymerisation of resorcinol with formaldehyde in aqueous solution to

produce the so called organic gels. These are then supercritically dried

followed by pyrolysis in an inert atmosphere;" The structural properties of

the resultant CA are greatly influenced by the type and amount of catalyst

used in the polymerisation stage that determines the size, shape and

connectivity of the primary network of particles. For example, Moreno-

Castilla et. al.37 and Fricke et. et.," working independently used an acid

catalyst in the sol-gel process to generate porous structures with network

and pore features on the nanometre scale. In this present work, carbon

aerogels derived from melamine-formaldehyde (MF) resins via pyrolysis

followed by chemical activation are investigated. In particular, the effects

of (i) using a metal salt as a porogen in the MF synthesis and (ii) varying

the organic precursor on the properties of the CAs in relation to their CO2

storage capacity are probed. The organic aerogels in all cases were

recovered without supercritical drying.

7.2 Results and Discussion

7.2.1 Structure and porosity of CaCh-tempated carbon
aerogels
Powder XRD patterns of carbon aerogels (CAs) synthesised using

melamine-formaldehyde resins with calcium chloride as porogen and

pyrolysed at 700 to 900°C are shown in Figure 7.1A. A broad peak at 29 =
26° is the (002) diffraction from carbon layers with a turbostratic stacking

structure This suggests that the CAs possess small amounts of

graphitic/turbostratic domains; the d(002)spacing obtained by the Scherrer

equation is at 0.346 nm higher than for graphite (0.335 nm), which is

consistent with low levels of graphitisation. The CAs exhibit sharp peaks at
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29 = 42° to 48°. The intensity of these peaks decreases at higher

carbonisation temperature. Indeed, the reduced intensity of these peaks

for the sample carbonised at 900 "C (Ca-CAMF900) allows observation of

the (101) diffraction from turbostratic carbon.4o-42 The sharp peaks may be

associated with inorganic residue arising from the use of CaCI2 as porogen.

A - Ca-CAMF700 1200 B - Ca-CAMF700

- Ca-CAMF800 - Ca-CAMF800

- Ca-CAMF900 -- - Ca-CAMF900
Q.

Ii; 1000
~
Cl...... '"

:::J E 800u,a .....
...... 'tI
> GI... ..c 600'iii ...

0I: III
GI 'tI... etI:::... GI 400

E
:::J
'0
> 200

0
20 30 40 50 60 70 0.0 0.2 0.4 0.6 0.8 1.0

2ao Partial Pressure (P/Po)

Figure 7.1.Powder XRD patterns (A) and nitrogen sorption isotherms (B)

for Ca-CAMFx samples carbonised at 700, 800 or 900 -c,

The porosity of the samples was probed using nitrogen sorption analysis.

The nitrogen adsorption-desorption isotherms are shown in Figure 7.1B and

the textural properties are summarised in Table 7.1. The nitrogen

adsorption isotherms on all carbon aerogels are close to Type IV and

display a hysteresis loop at relative pressure (PIPe) above 0.5.43 The shape

of hysteresis loop (which is H4 Type) is indicative of the presence of narrow

slit-like pores. Carbon aerogels pyrolysed at higher temperature (i.e., Ca-

CAMF900 and Ca-CAMF800) have higher adsorption, and thus greater
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porosity compared to sample Ca-CAMF700. The surface area of the CaCb-

templated carbon aerogels varies between 785 and 1090 m2/g) and the

pore volume between 1.22 and 1.66 cm3/g. These textural properties are

amongst the highest ever reported for carbon aerogels,38,44, 45 and perhaps

illustrate the positive influence of using a porogen. Unusually, the present

carbon aerogels exhibit a high level of microporosity, which is a

contributing factor to the high total surface area observed. The proportion

of surface area associated with micropores is 48%, 56% and 55% for Ca-

CAMF700, Ca-CAMF800 and Ca-CAMF900, respectively, and thus relatively

similar irrespective of the pyrolysis temperature. The proportions are

consistent with nitrogen sorption isotherms in Figure 7.1B which show

appreciable adsorption at relative pressure (P/Po) < 0.02. On the other

hand, the proportion of micropore volume is rather lower at 14%, 20% and

13% for Ca-CAMF700, Ca-CAMF800 and Ca-CAMF900, respectively. Overall

the textural data suggest that the pyrolysis temperature has an influence

with the aerogel prepared at 800 °C exhibiting the most well developed

porosity.
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Table 7.1 Textural properties and CO2 uptake at 298 K and 1 bar for CaCb-

templated carbon aerogels before and after activation

Sample Surface
area
(m2g-1)a

Pore Pore deo2 Uptake
volume size
(cm3 g-l)b (nm)" (wt %) mmol/g

Ca-CAMF700

Ca-CAMF800

785 (375) 1.22 (0.18) 10

1090 (611) 1.37 (0.28) 9

1014 (557) 1.66 (0.21) 10

8.93

9.01

7.26

2.03

2.06

1.66Ca-CAMF900

14AC-Ca-CAMF800-6 1504 (1272) 0.83 (0.60)

14AC-Ca-CAMF800-7 2782 (1258) 2.04 (0.58)

14AC-Ca-CAMF800-8 3343 (803) 2.65 (0.36)

10.75 2.44

7.27 1.65

2.5910.78

The values in the parenthesis refer to: "mlcropore surface area,

"rnlcropore volume, cmaxima of pore size obtained using the BJH model, d

CO2 uptake at 298 K and 1 bar.

The pore size distribution (PSD) of the carbon aerogels determined via BHJ

and NLDFT models using nitrogen adsorption data is shown in Figure 7.2

and the pore size data is summarised in Table 7.1. Pore size distribution

(PSD) curves obtained for the carbon aerogels via BJH analysis of

adsorption data (Figure 7.2A) show a relatively wide range of pore sizes

with the maximum centred at ca. 10.0 nm for Ca-CAMF700 and Ca-

CAMF900 and 9.0 nm for Ca-CAMF800. Therefore according to BJH

analysis, the carbon aerogels have similar pore size distribution dominated

by pores of size ca. 10 nm. The PSD obtained via BJH model also shows

the presence of micropores, with their proportion being highest for sample

Ca-CAMF800 which is consistent with the extent of microporosity (Table

7.1). Given the limitations of BJH analysis in probing the presence of

micropores, we also performed pore size analysis using the NLDFT model

(Figure 7.2B). The NLDFT analysis (Figure 7.2C) confirms the presence of
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micropores of size ca. 1.2 nm. The carbon aerogels also possess small

mesopores of size ca. 3.0 nm. Nevertheless, NLDFT PSD indicates that the

predominant pores are large mesopores of size ca. 10 nm. In this case the

BJH and NLDFT analysis indicate a similar pore size for these large 10 nm

pores. NLDFT PSD also indicates the presence of even larger pores of size

26 nrn."
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Figure 7.2 PSD curves obtained using (A) BJH or (B) NLDFT analysis for

CaCl2-templated Ca-CAMFx carbon aerogels (where x is pyrolysis

temperature; 700, 800, or 900 0C); a, band c in (b) refers to Ca-CAMF700,

Ca-CAMF800 and Ca-CAMF900, respectively.
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7.2.2 Thermogravimetric analysis
The thermal stability and combustion properties of carbon aerogels were

evaluated using Thermogravimetric analysis (TGA) in static air. The TGA

curves and corresponding differential thermogravimetric analysis (DTG)

profiles are shown in Figure 7.3. All the samples are stable at temperatures

under 450°C. Initial weight loss observed below 120 °C may arise from

the evaporation of adsorbed water. A significant weight loss step occurs in

the temperature range 480 to 600°C which may be attributed to oxidation

of carbon. Weight loss in this temperature range was previously reported

by Devallencourt et al. which was attributed to melamine-formaldehyde

condensate undergoing degradation with quantitative formation of volatile

products e.g. HCN, CO and CO2•
47 Furthermore, Ca-CAMF700 and Ca-

CAMF800 exhibit weight loss above 600°C. It is observed that Ca-

CAMF900 does not exhibit any weight loss above 600°C. This is consistent

with the XRD patterns in Figure 7.1A which showed sharp peaks due to

inorganic impurities for Ca-CAMF700 and Ca-CAMF800, which were much

reduced in the pattern of Ca-CAMF900. This suggests that the weight loss

above 600°C for Ca-CAMF700 and Ca-CAMF800 is largely due to the

removal of inorganic residues. Indeed, the carbon aerogels show residue

mass of 15%, 8% and 6% for samples pyrolysed at 700, 800 and 900 °C,

respectively. The decrease in the residual mass with increase in pyrolysis

temperature is suggestive of fewer impurities in Ca-CAMF900 which is in

agreement with the XRD patterns in Figure 7.1A.
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Figure 7.3 Thermogravimetric analysis curves (A) and corresponding

derivative thermogravimetric analysis profiles (8) for carbon aerogels; (a)

Ca-CAMF700, (b) Ca-CAMF800 and (c) Ca-CAMF900.

7.2.3 Chemical activation of CaCb-templated carbon
aerogels
Chemical activation of carbonaceous materials (e.g. coal, biomass-derived

carbons etc.) constitutes an established route for the preparation of

carbons with high surface area and large pore volume.48-so Due to the

enhanced porosity, the use of one-step chemically activated carbons, in

particular using KOH as an activating agent, has been intensively

investigated for gas storage. The chemical activation was performed on Ca-

CAMF800 based on the well-controlled porosity as discussed in section

3.6.2. The activated samples were prepared with KOH (temperature range

of 600 to 800 °C and KOH/carbon ratio of 4).

The powder XRD patterns of activated carbon aerogels and the parent

sample (Ca-CAMF800) are shown in Figure 7.4A. The (002) diffraction from
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turbostratic carbon at ca. 28 = 26° which is present in Ca-CAMFSOOis

hardly observed for the activated carbon aerogels. This is indicative of

amorphisation during the chemical activation process. Thus the activated

carbon aerogels do not possess any significant graphitic/turbostratic carbon

domains. Also, the absence of any peak in the 28 range between 20 and 60

° implies that any graphitic domains present are widely distributed and

very small in size. Therefore, the activated samples are essentially

amorphous with no evidence of graphitisation based on the XRD patterns.

- Ca-CAMF800
- 14AC-Ca-CAMF800-6 1600 - (a)

- 14AC-Ca-CAMF800-7 -(b)
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.....
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Figure 704 Powder XRD patterns (A) and nitrogen sorption isotherms (B)

for (a) Ca-CAMFSOO,and after activation; (b) 14AC-Ca-CAMFSOO-6, (c)

14AC-Ca-CAMFSOO-7and Cd) 14AC-Ca-CAMFSOO-S.

The nitrogen sorption isotherms of carbon aerogels activated at 600, 700

and SOO °C are shown in Figure 7AB. For comparison purposes, the

isotherm for Ca-CAMFSOOis also presented. In all cases, activation leads to

an increase in the amount of nitrogen adsorbed, i.e., an increase in

porosity. The shape of the isotherms also changes after activation
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depending on the activation temperature (i.e., extent of activation).

Activation at 600°C leads to a modest increase in nitrogen adsorption and

an apparent loss of large pores. The isotherm of sample 14AC-Ca-

CAMF800-6 suggests the presence of significant microporosity. At higher

activation temperature, there is an increase in both the microporosity and

mesoporosity. The changes are evidence of variations in the porous

structure of the resultant activated carbon aerogels. Thus, the isotherm of

14AC-Ca-CAMF800-6 exhibits a fairly sharp adsorption 'knee' in the relative

pressure (P/Po) > 0.2 while for 14AC-Ca-CAMF800-7 and 14AC-Ca-

CAMF800-8, the 'knee' is much broader and has a positive gradient. The

difference in the isotherms is due to the increase in pore size and

broadening of pore size distribution as the adsorption knee broadens. A

similar trend was previously reported by Sevilla and co-workers on

chemical activation of polypyrrole-based carbons." It is noteworthy that

the isotherms of the parent and activated carbon aerogels appear to be

similar at very low relative pressure (P/Po < 0.01), which is an indication

that all the samples possess some microporosity.

The pore size distribution (PSD) of the activated carbon aerogels,

determined via the NLDFTmodel, is shown in Figure 7.5. Activation at 600

°C removes the 10 nm pores present in the parent carbon but retains 1.2

and 3 nm pores. This means that the resulting activated carbon is much

more microporous than the parent sample. A similar trend is observed for

activation at 700 and 800°C except that there is much larger increase in

the proportion of pores of size ca. 3 nm. Overall, therefore the activation

shifts the porosity of the carbon aerogel towards smaller pores. The

porosity of the activated aerogels may therefore be categorised into three

well-ordered pore systems, namely: (i) ultramicropores (ca. 0.6 nm), (ii)
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supermicropores (ca. 1.2 nm) and (iii) mesopores whose size and

proportion gradually increases with rise in activation temperature. Thus

micropores are present in both the parent and activated samples, which

show that the activation process did not entirely alter porosity.

0.18

0.16

........ 0.14Cl..,
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Figure 7.5 Pore size distribution (PSD) curves for (a) parent carbon aerogel

(Ca-CAMFBOO), and after activation (b) 14AC-Ca-CAMFBOO-6, Cc) 14AC-Ca-

CAMFBOO-7 and (d) 14AC-Ca-CAMFBOO-B.

The textural parameters (i.e., surface area and pore volume) summarised

in Table 7.1 indicate that the activated carbon aerogels have high surface

area up to 3343 m2jg representing an increase of ca. 207% over the

parent aerogel. The surface area of the activated aerogels dearly increases

with activation temperature. The pore volume reduces for the sample

activated at 600°C, which is consistent with the shift to microporosity

discussed above, and then increases for samples activated at 700 and BOO
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°C to reach the extraordinarily large value of 2.65 cm3jg for 14AC-Ca-

CAMF800-8. The differences in pore size distribution discussed above are

reflected in the proportion of the micropore surface area and volume; the

sample activated at 600°C is highly microporous with ca. 85% (i.e. 1272

m2jg) of the total surface area (i.e. 1504 m2jg) arising from micropores.

The proportion of micropore surface area decreases to 45% and 24% for

14AC-Ca-CAMF800-7 and 14AC-Ca-CAMF800-8, respectively. Likewise the

proportion of micropore pore volume decreases with increase in activation

temperature from 72% for 14AC-Ca-CAMF800-6 to 14% for 14AC-Ca-

CAMF800-8. The changes in textural properties are consistent with the

creation of mesopores of size ca. 3 nm and whose proportion increases at

higher activation temperature. The greater mesoporosity is most likely

caused by increased gasification of carbon aerogels by evolution of CO2

from the decomposition of K2C03 that takes place at temperatures of 700

0C and above.51, 52

7.2.4 Effect of organic precursor on porosity on
activated carbon aerogels
A set of activated carbon aerogels prepared from a melamine-

formaldehyde (MF) carbon aerogel (designated as CAMF) in absence of

metal salt as a porogen and carbonised at 1050 °C were also evaluated In

this study. In order to investigate the effect of organic precursor, a

resorcinol-formaldehyde (RF) carbon aerogel pyrolysed at the same

temperature (1050 0c) and designated as CACR was prepared and

activated. Both sets of samples, i.e., MF and RF-derived were similarly

activated at various temperatures to generate two sets of samples. We

note that our group recently showed that chemical activation of pyrolysed

RF-derived carbon aerogels increased their surface area by a factor of
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390% and that the resulting activated carbons exhibit high CO2 uptake

capacity of up to 13.2 wt% (3 mmol/g) at 298 K and 1.0 bar.35

Comparison of MF and RF aerogels before pyrolysis revealed a significant

colour difference between the two resins. The former is colourless while the

latter is dark red in colour. Upon carbonisation, the resultant carbon

aerogels derived from MF were shinier in appearance than those from RF.

The powder XRD patterns of the carbon aerogels before and after

activation are shown in Figure 7.6. The powder XRD patterns of all the

carbon aerogels, before and after activation, exhibit two broad peaks

centred at 29 = 25° and 43° assigned to (002) and (101) diffraction from

carbon domains with graphitic characteristics. Noteworthy is the presence

of sharp peaks that may be attributed to the presence of impurities. The

broad nature of these peaks suggests that the carbon aerogels are

amorphous with disorganised turbostratic structure. Furthermore, it is

clearly observable in Figure 7.6A, that the patterns of RF-derived carbon

aerogels are comparable showing negligible changes after activation. On

the contrary, the MF-derived carbon aerogels presented in Figure 7.6B

show significant changes upon activation. The (002) peak for the parent

CAMF sample has higher intensity compared to the activated samples.

Moreover, the (002) peak broadens and decreases in intensity with

increase in activation temperature. Therefore, the parent sample (CAMF)

contains more graphitic character compared to activated samples. Thus

activation leads to amorphisation of the carbon aerogels. The differences in

the effect of activation on RF and MF derived carbon aerogels suggest that

the latter are more activatable.
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Figure 7.6.Powder XRD patterns of carbon aerogels derived from (A)

resorcinol-formaldehyde resin (denoted as CACR) and (B) melamine-

formaldehyde resin (denoted as CAMF), before and after activation.

Figure 7.7 shows the nitrogen sorption isotherms of carbon aerogels

derived from RF resins CA) and MF resins (B) before and after activation.

The sorption isotherms of RF-derived carbons (Figure 7.7A) are Type I

exhibiting substantial adsorption at P/Po < 0.01 indicative of micropore

filling. In addition these RF-derived carbons exhibit very high adsorption at

relative pressure (P/Po) 0.9 to I.O, which arises from interparticle voids.

There is a modest increase in nitrogen adsorption after activation due to a

similarly modest rise in porosity. There is no clear trend between activation

temperature and increase in porosity. The isotherms of mf-derived carbon

aerogels show (Figure 7.76) a clear influence of the activation process and

activation temperature. The parent carbon aerogel (CAMF) has very low

porosity, which gradually increases with activation temperature. Low

temperature activation (600 "C) mainly generates micropores. At higher

[235]



Chapter 7: Preparation of Templated and Activated Carbon Aerogels for
Carbon Dioxide Capture

activation temperature (700 - 900 "C) there is greater formation of

micropores along with some supermicroporesjsmall mesopores at the

highest activation temperature (900 0C). The isotherm for 12AC-CAMF600

(activated at 600 QC) exhibits reasonable adsorption below relative

pressure (PjPo) = 0.01 due to capillary filling of micropores. On the other

hand, the isotherms for samples activated at higher temperature (12AC-

CAMF900) show a fairly sharp 'knee' in the 0.1 to 0.4 relative pressure

(PjPe) range, indicating the presence mainly of micropores and a small

proportion of mesopores.
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Figure 7.7. Nitrogen sorption isotherms of carbon aerogels derived from

resorcinol-formaldehyde resins (A) and melamine-formaldehyde resins (8)

before and after activation. (C) shows the sorption isotherm of CAMF.

The pore size changes are confirmed by PSDcurves obtained using NLDFT,

which are presented in Figure 7.8 and the pore size summarised in Table

7.2. The PSD of carbon aerogels derived from RF resins, which have pores

of size 0.6 and 1.2 nm, remain largely unchanged after activation; the
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main variation is the large increase in proportion of 0.6 nm pores for the

sample activated at 600°c. The RF generated carbons thus exhibit PSD

maxima at 0.6 and 1.2 nm which correspond to ultramicropores and

supermicropores, respectively. On the other hand, MF generated carbons

show gradual increase in porosity at higher activation temperature. The

parent carbon (CAMF) has very low porosity (Figure 7.7C). On activation at

600°C, 1.1 nm pores are generated. At higher activation temperature, 0.6

nm pores are also generated along with a much higher proportion of pores

in the range 1.2 - 2.0 nm and small mesopores up to 4.0 nm in size. Thus

the 'average' pore size of the activated aerogels increases at higher

activation temperature.
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Figure 7.8 PSD curves of carbon aerogels derived from resorcinol-

formaldehyde resins (A) and melamine-formaldehyde resins (8) before and

after activation at variable temperature.

The textural parameters summarised in Table 7.2 indicate that activated

carbon aerogels possess higher surface area and pore volume than the
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parent carbons. The surface area and pore volume of RF derived carbons

do not show significant variation; the parent sample, CACR, exhibits a

surface area of 465 m2/g, which on activation, increases to 718 m2/g for

carbon activated at 600°C and then decreases to 589 m2/g for the sample

activated at 700°C. The proportion of surface area associated with

micropores remains fairly constant at 82% for the parent carbon, 89% for

sample activated at 600°C, and 86% for the 700 °C sample. The

proportion of micropore volume varies from 28% for the parent sample

(CACR) to 33% for 12AC-CACR600. In contrast, surface area and pore

volume of MF derived carbon aerogels are substantially affected by a

change in activation temperature. The parent carbon aerogel (CAMF)

exhibits negligible porosity with a surface area and pore volume of 4 m2/g

and 0.01 cm3/g, respectively. However, upon activation the surface area

increases with increase in activation temperature. First, the surface area

increases from 4 m2/g to 84 m2/g for 12AC-CAMF600 and then gradually to

860 m2/g for 12AC-CAMF900. The proportion of micropore surface area and

pore volume is high for all the samples, and actually increases for carbons

activated at high temperature. Thus 12AC-CAMF700 has 78% of surface

area and 63% of pore volume arising from micropores, while for 12AC-

CAMF900 the corresponding values are 86% and 78%, respectively.
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Table 7.2 Textural properties and CO2 uptake at 298 K and 1 bar of carbon

aerogels before and after activation.

Sample Surface
area
(m2g'1}a

Pore Pore
volume size
(cm" g'l}b (nm)"

CO2 Uptake

(wt %)d (mmol/g)·

CACR 465 (383)

12AC-CACR600 718 (641)

12AC-CACR700 589 (508)

12AC-CAMF600 84 (59)

12AC-CAMF700 260 (203)

12AC-CAMF800 637 (550)

12AC-CAMF900 860 (736)

0.64 (0.18) 0.6/1.2

0.95 (0.31) 0.6/1.2

0.85 (0.24) 0.6/1.2

0.05 (0.03) 1.1

0.16 (0.10) 0.6/1.2

0.33 (0.26) 0.8/1.5

0.45 (0.35) 0.8/2.2

9.81 2.22

2.4010.52

9.83 2.24

1.044.58

6.43 1.46

8.66 1.96

2.069.15

The values in the parenthesis refer to: a micropore surface area, b

micropore volume, cmaxima of PSD curves obtained via NLDFT analysis. d

and e are C02 uptake data expressed in wt% and rnrnol/q, respectively. at

298 K and 1 bar.

Some of the present carbon aerogels are derived from organic gels that are

prepared by sol-gel polycondensation of resorcinol with formaldehyde as

initially proposed by Pekala.53 In recent years, and as demonstrated in the

preceding sections in this chapter, the main focus has been on the use of

new precursors and new solvents with a view to enhancing controllable

properties and thus target particular applications. Carbon aerogels retain

popularity mainly due to their low cost and unique tuneable properties. In

this chapter, the carbon aerogels exhibit a wide range of properties with

well controlled porosity before and after activation. Therefore, based on

their porosity, the potential of the present carbon aerogels in the capture

of various gases was explored.
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7.3 Measurement of Carbon dioxide uptake capacity
Apart from textural properties (that have been discussed in detail in section

7.2), the presence of nitrogen as dopant in carbon has been known to play

a vital role in the capture of acidic gases like CO2, 54 For example, Lu and

co-workers prepared nitrogen containing carbon monolith by direct

pyrolysis of the copolymer of resorcinol, formaldehyde and lysine which

showed a CO2 uptake capacity of 3.13 mmol/g at 298 K and 1.0 bar." In

this study, MF derived carbon aerogels are expected to contain variable

amounts of nitrogen given that they are prepared from a nitrogen rich

precursor (melamine). The development of an efficient and simple high

performance porous solid for CO2 capture is a great challenge.

Assessment of CO2 adsorption was carried out using a thermogravimetric

analyser (TA Q600) as detailed in section 3.7.2. Figure 7.9 displays

representative CO2 adsorption capacities as a function of time for CaCI2-

templated carbon aerogels and their activated analogues. The maximum

CO2 capacity achieved at 298 K and ca. 1.0 bar is summarised in Table 7.1.
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Figure 7.9 CO2 adsorption at 298 K and 1 bar on CaCl2-templated carbon

aerogel (Ca-CAMF800) derived from mf resins; (A) before and (8) after

activation. For comparison purposes the uptake of Ca-cAMF800 is included

in (C).

Figure 7.9 demonstrates rapid CO2 uptake for the first few minutes followed

by a gradual increase to equilibrium after ca. 60 min. For CaCb-templated

(Ca-CAMFx) carbon aerogels, the CO2 uptake at 298 K and 1 bar varies

between 1.66 and 2.06 rnrnol/q (Table 7.1) with pyrolysis at 700 and 800

"C generating better CO2 absorbers. For carbon aerogels prepared without

any porogen, CAMF (from MF resin) had virtually no porosity while CACR

(from RF resin) had a surprisingly high CO2 uptake of 2.22 mrnol/q. The

high CO2 uptake of CACR is attributed to the presence of only small pores

of size 0.6 and 1.2 nm (Figure 7.8A). In general, the CO2 uptake for

activated carbons is higher than that of the parent sample, and varies

between 1.04 and 2.59 mmol/g. It is significant, that all the samples

exhibit higher CO2 adsorption capacity than the required (1.00 mmol/g) at

ambient conditions. 56 Activation of the CaCb-templated aerogel, Ca-
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CAMF800, at 600 and 800 °C improves the CO2 uptake capacity from 2.06

mmol/g to 2.44 and 2.59 mmol/g, respectively. It is clear that for this

series of samples, the increase in CO2 uptake is proportionately much lower

than the rise in surface area. This is because most of the porosity

generated during activation is in the mesopore range and thus not efficient

for CO2 uptake. Thus, overall the trends for CO2 uptake do not show a clear

relationship with the textural properties (surface area and pore volume).

For example, the CaCb-templated sample which was activated at 800°C

had highest surface area of 3343 m2/g and large pore volume of 2.65

cm3/g but does not show a proportionately high CO2 uptake. Clearly, this is

due to the fact that this sample is highly mesoporous with very low

microporosity (Table 7.1). A number of studies have shown that only pores

less than five times that of the molecular size of the adsorbate (ca. 1.5 nm

for CO2) are effective for gas adsorption at atmospheric pressure. 57, 58

Activation of CACR and CAMF aerogels mainly generates an increase in

microporosity, which is reflected in the fact that the CO2 uptake generally

increases for the activated carbons despite the modest rises in total surface

area and pore volume (Table 7.2).

The effect of type of organic precursor on CO2 uptake capacities is shown in

Figure 7.10. RF derived carbons show insignificant variations in textural

properties, so do the CO2 uptake capacities as summarised in Table 7.2.

However, it is noteworthy that the RF derived samples have high CO2

uptake, which is attributed to their high levels of microporosity and

presence of 0.6 and 1.2 nm pores. In particular the sample activated at

600 °C (12AC-CACR600), and which shows a preponderance of 0.6 nm

pores (Figure 7.8) also shows enhanced CO2 uptake. This is in agreement

with what has been demonstrated by Seaton and co-workers that only
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micropores less than 1.5 nm are effective towards CO2 capture at

atmospheric pressure. S9 It is also evident that the surface area plays a

lesser role in CO2 capture; for example, sample 12AC-CACR600 (2.40

mmol/g) exhibit only 8.0% greater CO2 uptake than CACR (2.22 mmol/g)

despite having surface area that is 54% higher.

2.5 2.0 B /.~
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Figure 7.10 CO2 uptake by carbon aerogels determined at 298 K and 1 bar.

Some effect of both surface area and pore size is evident from the carbon

dioxide uptake data in Figure 7.10B and Table 7.2. The sample with the

lowest surface area (12AC-CAMF600) shows low C02 adsorption of ca. 1.04

mmol/g. The surface area dependence on CO2 uptake for the aerogels

activated at 700, 800 and 900 QC is relatively weak with adsorption of

1.46, 1.96 and 2.06 rnrnol/q, respectively. Worth noting is the lower C02

uptake by CAMF-X samples as compared to CACR series which may be

attributed to presence of lower pore volume exhibited by the former. This
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confirms that pores of size below 1.5 nm are necessary for enhanced CO2

uptake capacity.

7.4 Summary
The sol-gel method of synthesis of carbon aerogels and subsequent

chemical activation has been successfully used to generate a range of

highly porous carbon aerogels exhibiting high surface area and pore

volume of up to 3343 m2/g and 2.65 cm3/g respectively. The carbon

aerogels derived from a melamine-formaldehyde resin (MF) with a metal

salt (CaCl2) as porogen showed the highest surface area compared to those

generated without a metal salt. All prepared carbon aerogels showed some

level of microporosity which is shown to be critical in enhancing CO2 uptake

capacity. Thus, the materials prepared in this study achieved CO2 uptake

capacities of up to 2.59 mmol/g at 298 K and 1 bar.

The diverse range of textural properties which includes high surface area

and controllable pore size is useful in a number of applications such as

electro-chemical applications and gas sorption. The preparation of aerogels

is shown to depend upon the synthesis conditions (with or without a metal

sat as a porogen), pyrolysis temperature and chemical activating

parameters.
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Chapter Eight

8.0 Conclusions and Outlook
Porous inorganic and carbonaceous materials have been systematically

investigated in this thesis. In particular, the thesis demonstrates the

development of novel porous materials in the nanometre scale with

tuneable porosity, and presents new strategies for tailoring functional

materials. Five synthesis strategies have been investigated, i.e.

hydrothermal synthesis of aluminosilicates, nanocasting techniques

wherein hard templates are used, sol-gel synthesis routes to inorganic and

carbon materials, supercritical CO2 mediated incorporation of metal

nanoparticles into a porous substrate and chemical activation of carbon.

In chapter 4, a new type of ordered mesoporous aluminosilicates, which

exhibit some zeolitisation, were successfully prepared using template

molecules and synthesis conditions that are normally used for the

preparation of microporous BEA type zeolite (i.e., zeolite beta). The

porosity of the aluminosilicates was further modified by applying simple

washing/refluxing (in water) steps performed either on the as-synthesised

mesophase or calcined material. This allowed the preparation of materials

that possess tuneable porosity with surface area of 500 to 850 m2/g, pore

volume in the range 0.35 - 1.5 cm3/g and pore size between 2.5 and 14.0

nm. Owing to high hydrothermal stability and strong acid sites exhibited by

the aluminosilicates, the materials show great promise for use in

heterogeneous catalysis or other related industrial applications.

Chapter 5 reports the preparation of zeolite-like carbons prepared using

zeolite Y as a hard template and acetonitrile as carbon precursor via

replication nanocasting process in which the carbon was grown within the
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zeolite particles via chemical vapour deposition (CVD) at 700 - 900 °C. It

was shown that the level of zeolite-like ordering and textural properties

were highest for the carbon prepared at CVD temperature of 800 °C, which

exhibited surface area of 2200 m2/g and pore volume of 1.25 cm3/g.

Overall, the carbons exhibited a moderate level of zeolite-like ordering and

a tri-modal pore size distribution with pores in the micropore (pore maxima

at 0.6 and 1.2 nm) and small mesopore (2.4 - 2.7 nm) range. Supercritical

CO2-mediated incorporation of Palladium nanoparticles into the zeolite

templated carbons (ZTCs) was successfully demonstrated. Pd-doped ZTCs

exhibited enhanced hydrogen uptake density, which increased by ca. 50%

compared to the parent Pd-free ZTC. The flexible nature of the method

employed in this work would allow incorporation of a wide range of

different metal precursors to include nanoparticles of Ni, Rh and Cu and as

such offers potential for further research. Furthermore, future research

efforts could be tailored towards probing the exact quantity of Pd

nanoparticles impregnated into the carbon substrates.

In chapter 6, using a two step synthesis route, the preparation of zeolite

templated carbons with ultrahigh surface area is demonstrated. The two

step process involves a first step of liquid impregnation of furfuryl alcohol

(FA) onto the pores of a zeolite 13X template followed by some mild heat

treatment to polymerise the FA, and then in step 2 chemical vapour

deposition of ethylene gas into the FA-containing zeolite to ensure

maximum filling of the zeolite pores with carbon. The resultant carbon

materials, after etching of the zeolite framework, exhibit zeolite-like

structural ordering and ultrahigh surface area of up to 3332 m2/g and pore

volume of 1.66 cm3/g. The carbons were found to be mechanically stable;

their porosity remained unchanged on mechanical compaction and
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pressures of up to 10 tons. The carbons were observed to have remarkably

high hydrogen sorption capacity of up to 7.3 wt% (at 77 K and 20 bar),

which is the highest ever reported for any carbon material.

Chapter 7 systematically studied the sol-gel synthesis of aerogels which on

subsequent carbonisation under inert environment yielded carbon aerogels.

A metal salt (CaCI2) was successfully used to generate carbon aerogels

with very high surface area (up to 1100 m2/g). In order to enhance

porosity, the carbon aerogels were chemically activated with KOH.

Activated carbon aerogels exhibited ultrahigh surface area and large pore

volume of up to 3343 m2/g and 2.65 cm3/g respectively, and were found to

have excellent C02 uptake of up to 2.59 mmol/g under ambient conditions.

Future research efforts could be focussed on probing how the nitrogen

content varies with experimental conditions. This may provide further

insights into differences in structure and porosity of RF-derived and MF-

derived materials.
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