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ABSTRACT

Nitrogen doped carbon nanotubes (N-CNTs) were synthesised using
thermal-Chemical Vapour Deposition (CVD). The obtained material was
purified, characterised and used as a support for ruthenium nanopatrticles.
The catalytic performance of the Ru/N-CNTs was investigated in different
chemical reactions. Thus, this thesis is divided into two sections. The
synthesis of the nanomaterials, the catalyst performance of nanomaterials
in the oxygen reaction reduction (ORR) and activity in the oxidation of

styrene and benzyl alcohol.

In the first section N-CNTs were synthesised using a thermal-CVD method
in a horizontal split-tube furnace. The reactions were carried out in a
tubular quartz reactor. Cyclohexanol was used as carbon source, aniline
as a nitrogen source and ferrocene as catalyst. A mixture of
cyclohexanol-aniline-ferrocene was placed in a quartz boat that was
directly introduced in the centre of the first furnace and vaporised at 280
°C. The resultant vapours were transferred to the second furnace where
the N-CNTs were grown at a temperature of 900°C under the carrier gas
flow (nitrogen or 5% H, balanced in argon gas). The N-CNTs formed had a
fairly crystalline structure, constituted by a periodical bamboo like structure
with tubes diameters of 35 - 100 nm and nitrogen content up to
1.3 at. %.The N-CNTs with 0.8 at.% were selected to be used becaused of
the quality and the amount of CNTs produced.

N-CNTs were then used to support ruthenium (Ru) nanoparticles using a
microwave assisted reduction technique. The synthesised nanostructured
materials were characterised by TEM, SEM, TGA, and XRD.

The TEM images of the Ru catalysts supported on N-CNTs revealed

homogenous dispersion of Ru nanoparticles with a narrow sizes



distribution and small particle size with an average diameter of 2.5 nm
when 500 W power was used.

In the second section, part A; four catalysts with different Ru wt. %
supported on N-CNTs were prepared: the amount of Ru deposited on the
N-CNTs was varied between 0 —10 wt. %. The activity of the prepared
nanocatalysts towards the oxygen reduction reaction (ORR) was
characterised using the rotating disk electrode and voltammetry
techniques. The ORR activity was higher at lower concentrations of Ru on
N-CNTs. The 4e- pathway of ORR was more favourable on 2 and 5 % Ru
loaded N-CNTs than as 10 % Ru loaded N-CNTSs.

In Part B; prepared Ru/CNT and Ru/N-CNT catalysts were calcined and
used for the liquid-phase oxidation reaction of styrene and benzyl alcohol.
The influence of various reaction parameters such as reaction time,
catalyst mass, solvent nature and reaction temperature were evaluated. It
is interesting to note that the RuO, on carbon material catalyst was more
active for styrene oxidation than for benzyl alcohol oxidation reaction. The
conversion of styrene was 41 % and the selectivity to benzaldehyde was
85 % when 5 % RuO,/CNTs catalyst was used with 1,4-dioxane as a
solvent at 80 °C in 4 h. The highest conversion of benzyl alcohol was 11 %
also with 85 % benzaldehyde selectivity. The benzyl alcohol oxidation

was performed at 110 °C for 5 h.

Ru/N-CNTs were shown to exhibit better activity for a styrene oxidation
reaction. Therefore further investigations on the activity of nitrogen doped
carbon nanotubes (N-CNTs*) prepared by reaction of acetylene (C,Hy)
and acetonitrile (CH3CN) at 700 °C over a 10 % Fe-Co supported on
calcium carbonate (CaCOgj) catalyst was investigated for styrene
oxidation. In this case the nitrogen doped carbon nanotubes (N-CNTs?*)
with 2.2 at. % nitrogen content was used. A 5 % Ru/N-CNT* catalyst was
highly selective as compared to the previous N-CNT supports used in the

styrene oxidation reaction. Comparing the support it was deduced that the

\Y



nitrogen present in the support is playing a major role. With the increase in
the nitrogen content in the matrix of the CNTs the conversion of styrene
decreased but with an increase in the selectivity. The selectivity towards
benzaldehyde was 96 % after 4 h when N-CNTs* were used as support for
the styrene conversion reaction. In comparison for the RuO, on CNTs and
N-CNTs the styrene conversions were 85 and 87 % respectively.
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CHAPTER 1

BACKGROUND

1.1 Introduction

The term “catalysis” was first used in 1836 by Berzelius to describe the
phenomenon that was capable of promoting the occurrence of a chemical
reaction by a catalytic contact. Today catalysis plays an important role in
the production of over 90 % compounds found in numerous fields such as
fine chemical and petrochemical industries, the production of fuel, foodstuffs,
pharmaceuticals and other numerous manufactured goods. The catalysts
and the products derived from catalytic reactions, directly or indirectly,
impact on a large portion of the gross domestic product of any nation.
Catalytic reactions played a key role in the development of the industrial
revolution [1]. In 1991, it was estimated that the total value of chemical
and fuels derived from the chemical industry was above 900 billion
dollars/year. In 2003 global sales of catalysts exceeded 12 billion dollars
which was up from 9.3 billion in 1998 [2,3,4,5].

1.2 Types of catalytic reactions

Catalysts can be divided into two main types - heterogeneous and
homogeneous catalysts. In both types chemical bonds are broken and
new chemical bonds are formed during the catalytic process. These
events occur repeatedly, usually without a significant change of the
catalyst. In the absence of the catalysts, this chemical transformation
would either not occur or would take place with lower efficiencies or at
slower rates. Heterogeneous catalysts are usually immobilised on a
cheaper material to stop them agglomerating, and catalysts of this form

are called supported metal catalysts. In homogenous catalysis, the



catalyst is in the same phase as the reactants. The catalyst and reactants
will both be present either as a gas or as liquids. The catalyst usually
takes part in a reaction but it is not used up in the reaction.Table 1.1
summarise the advantages and disadvantages of both homogenous and

heterogeneous catalysis.

Table 1.1. Homogeneous versus heterogeneous catalysis [6]

Properties Homogeneous Heterogeneous
Activity Excellent Good/poor
Selectivity Excellent Good/poor
Catalyst Recycling Difficult, Expensive Easy, cheap
Thermal Stability Poor Good

Homogeneous catalysts have the attractive property of potentially perfect
selectivity and activity. However, many homogeneous catalytic systems
cannot be commercialized because of difficulties associated with

separating the products from the catalyst [7,8].

1.3 History of catalysis

According to Lindstorn and Petterson the evolution of catalysis can be
divided into five periods [9]. The first period of catalysis, from alchemy to
chemistry (300 B.C. - 1834) dates back to the dawn of civilisation, at a date
lost when mankind was producing wine and beer (fermentation). This
alchemy period was dominated by the search for a “magical catalyst” that

could convert base metals into noble metals [10].

Emperics to science (1835 - 1887) is the second era of catalysis where

there was an increase in understanding of chemical reactions and how



they influenced catalysis development. The development of reaction

engineering was the main driving force in this era.

The birth of industrial catalysis between 1898 and 1918 was the third
advancement in catalysis. It was marked by the discovery and
implementation of new catalytic processes. It was in this period that the
ammonia process was developed. Bulk ammonia produced was used in
the production of nitrogen based explosives and fertilizers. The period
ended in disgrace since many catalytic developments related to producing

weapons of destruction [10].

1918 - 1945 was the fourth period which corresponded to the increase in
global mobility and the use of catalysts in developing catalytic fuel
processes. There were large number of constantly catalytic process
developed leading to evolution in this era. The first development came in
1920 when the Standard Oil Company developed the large scale industrial
production of isopropanol from petroleum. The process is still employed by
several companies, including SASOL and Shell. In 1926, DuPont began
producing synthetic methanol. A year later Hinshelwood presented his
kinetic theory based on the findings of Langmuir. The Hinshelwood-
Langmuir theories are now applied in the design and chemical engineering
principles of catalysts. The ammonia process catalyst from the third period
was also improved in this era when Temkin published a detailed
description of the kinetics of the process. The fourth period ended in 1945
with World War Two [9,11].

The transition from war to peace (1946 - 1970) resulted in a natural shift in
the demand of chemicals. The petroleum industry continued to play a vital
role in advancing catalysis even in the fifth period. The only difference
with the previous era was a shift in the use of the catalysts for the
production of commodities/chemicals. The highlight of this period was in
1954 when Eischen and co-workers developed the first method for

characterising catalysts. They developed a method for studying carbon



monoxide (CO) adsorption on copper catalysts, with IR-spectroscopy. This
work soon included approaches to characterize active sites for adsorption
on metal, metal oxide and acidic sites as well as distinguishing Brgnsted
and Lewis acid sites. In 1960 three industrially important processes were

also introduced into the commercial market [9]:

* Ethylene to acetaldehyde - Wacker Chemistry

* Benzene to cyclohexene (Hydrar process) - UOP

* World’s first acrylonitrile Plant - SOHIO.

The fifth period ended without any clear transitions into the sixth period [2].

The current (sixth) period which started in 1970 is called the environmental
catalysis period. The period is influenced by environmental driving forces
and the integration of science with new technologies. The older
technologies and the new research may lead to new ideas which have
impact on the methods that are used for new catalytic systems. It is in this
era that reforming catalysts were revolutionised, for e.g. Sinfelt developed
a bimetallic platinum—iridium catalyst for the production of lead-free
gasoline. Highly dispersed clusters or crystallites of metals on supports
were investigated. Haag also helped to bridge the gap between
homogenous and heterogeneous catalysts through his studies of

transition-metal complexes anchored on organic resins [5].

1.4 Nanotechnology for catalysis

Nanotechnology is one of the technologies that was developed in the
current 6th catalytic period. It refers to a process that offers the ability to
manipulate the design, synthesise and control of materials and devices at
small scale length scales ranging from 1-100 nm. There are exciting
prospects to use nanotechnology in health, electronics and manufacturing



industry etc. [12,13]. While nano-scale technology in multifaceted in its
application, the study of nano-crystals as catalysts has become possible
by use of new characterisation techniques. Nano-materials are more
effective than large sized catalysts due not only to their small size but also
because nanomaterials produce a large surface atom/ bulk atom ratio not

found in their macroscopic counterparts [14,15].

The ultimate aim in catalysis is to design catalysts that can achieve perfect
selectivity and activity. A reaction showing perfect selectivity would
generate no waste products, and thus reduce energy and process
requirements for the separation of products from each other [16]. For
instance, in an automobile, hydrocarbons ignite to create, water and
carbon dioxide and energy to drive the piston of an engine. Furthermore,
impurities and inefficient reactions in a car engine yield by-products such
as nitrogen monoxide and carbon monoxide which are harmful to our
environment. These by-products are responsible for the acid rain and
depletion of the ozone layer. Catalysts have the potential to make
automobile combustion up to 100 % selective and produce fewer by-
products. This control may be achievable by using controlled small size
catalyst particles.

There is no doubt that the catalysis community is following developments
in nanotechnology closely to capitalise on these developments to further
the purpose of designing catalysts to achieve ideal selectivity in a catalytic
reaction. There is much progress in applying nanotechnology in catalysis

developments but there are many challenges that still remain [14,17].

15 Desired catalysts

Many attempts to obtain high surface area catalysts in order to enhance
catalytic activity, selectivity and stability have been developed [4,18,19].
This is achieved by depositing the catalyst particles on a support. Oxides

of the transition metals such as silicon dioxide, titanium dioxide, etc., are



amongst the most commonly used heterogeneous catalyst supports
[19,20]. In catalysis control of the particle size, as well as the distance
between particles is required. Catalysts deposited on a support are
affected by the surface reactivity and the microstructure of the support
[4,21]. An efficient way of increasing the surface area of the catalyst is by
dispersion of the catalyst on a high surface area material [21]. The
morphology and the nature of catalyst supports are considered to be one
of the main factors in obtaining a high dispersion of nanoparticles [18]. The
surface area of the metal or metal oxide catalysts can be increased by
enhancing the surface area of a support by corrosive treatment to develop
cracks and pores in the catalyst surface. This treatment alters the
uniformity in the shape of the catalyst particle. The support is also found to
influence the performance of the catalyst through electronic interactions
and migration effects [22].

In the field of heterogeneous catalysis, numerous carbon materials have
also been used to disperse and stabilise nano-sized metallic particles [23].
In this project, the use of carbon nanotubes (CNTSs) as a support media for
stabilising small metal particles to develop novel heterogeneous catalysts
will be presented. CNTs are envisaged as possible supports for many
catalytic applications [3,24]. They are attractive supports in a
heterogeneous catalytic process owing to their properties that can be
tailored to meet specific needs. They are employed as supports due to:

Their high surface area

* Resistance to acidic/basic media

* High mechanical strength

» Stability at high temperature

» Possibilities of controlling both their porous structure and



Chemical nature of their surface [18,25,26,]

CNTs have been extensively studied as supports for metal catalysts

[27,28,29,30]. However, less work has been done on using nitrogen-doped

carbon nanotubes (N-CNTSs) as catalyst supports. N-CNTs are expected to

have an influence on the dispersion of the metals and the activity of the

catalyst. This thesis is focused on producing nitrogen doped supported

catalysts for use in various chemical reactions. The metal that will be

supported on the CNTs will be Ru. N-CNTs will be used to disperse the

ruthenium metal nanoparticles for the study of two reactions:

1.6

Oxygen reduction reactions (ORR) in alkaline media for use in fuel
cells

Oxidation reactions.

Aims and objectives

The main objectives of this research were as follows:

To synthesise nitrogen-doped CNTs using the chemical vapour
deposition method. This was achieved by controlling various

parameters such as temperature, precursors, and gas flow rates.

To study the physico-chemical properties of the CNTs using a
range of techniques such as scanning electron microscopy (SEM),
Energy-dispersive X-ray spectroscopy (EDS), thermal gravimetric
analysis (TGA), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS) and high resolution transmission electron
microscopy (TEM).

To determine the optimum conditions for the deposition of
ruthenium nanoparticles on both undoped and nitrogen-doped



CNTs using both thermal and microwave irradiation techniques in
order to make homogenously dispersed particles with a narrow

distribution of diameter sizes.

e To characterise the metal supported undoped and N-doped
MWCNTSs by X-ray diffraction (XRD), TEM and XPS techniques.

* To test the selectivity and the catalytic activity of supported Ru in
various chemical reactions. i.e. the catalysts were tested in ORR in
alkaline media for use in fuel cells and in the oxidation of styrene

and benzyl alcohol.

1.7 The layout of the dissertation

The chapters in the thesis have been written in the style of Journal
articles. As the chapters were written independently of each other,
reappearance of the basics and some experimental results will lead to
some duplication of material. Nevertheless, this does allow each chapter
to be read independently, with each having its own introduction,
experimental, results and conclusion sections. The outline of this thesis is

given below:

Chapter 1: This gives a motivation for the work presented in the
subsequent chapters. Although each chapter briefly introduces itself, the
information contained in this chapter is of a general nature. The main

objectives of the study are also presented in this chapter.

Chapter 2: This gives a literature review of N-CNTs as a catalyst support.
Pristine  CNTs have been studied as supports for metal catalysts.
However, less work has been done on using N-CNTs as catalyst supports.
Synthesis of N-CNTs is briefly discussed. Furthermore, the role of N-CNT
supported metal catalysts with reference to previous studies and literature

reports is given.



Chapter 3: This chapter describes the Synthesis of Nitrogen-Doped
Carbon Nanotubes Using Two Stage Furnace . It gives a description of
the procedures that were used to prepare and characterise the nitrogen-

doped carbon nanotube.

Chapter 4: The use of microwave irradiation to load Ru onto CNTs is
given in this chapter. This has been published in a paper titled
“Microwave Irradiation of Ruthenium on Nitrogen-Dope d Carbon
Nanotubes” was published in Ceramic Engineering and Science
Proceedings, 32 (2011) 33-42.

Chapter 5: This chapter is entitled “Ru supported on nitrogen-doped
carbon nanotubes for the oxygen reduction reaction in alkaline
media” . This work was published in Journal of Fuel cells 12: 862-868
(2012).

Chapter 6: The results and discussion of work done on “Supported
ruthenium catalyst for the oxidation of styrene” is presented in this
chapter. The results show the effect of variables such as reaction
temperature, reaction time, the loading of Ru on support material and the

type of support material used.

Chapter 7: This chapter is an extension of chapter 6. Studies on styrene

oxidation over nitrogen doped carbon nanotube suppo rted
ruthenium . Nitrogen CNTs prepared differently to those in previous
chapter are used as Ru support and studies on styrene oxidation reaction

were fully investigated.

Chapter 8: The results and discussion of work done on “selective
oxidation of benzyl alcohol to benzaldehyde over ca  rbon nanotubes

supported ruthenium” is presented. The results show the effect of
variables such as reaction temperature, reaction time, the loading of Ru on

support material and the type of support material used.



Chapter 9: Presents a general summary and conclusion of the work
presented in this thesis. The successes and the limitations of work
performed in the study and the usefulness of the results found in the study
are highlighted in this chapter.
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CHAPTER 2
LITERATURE REVIEW:

NITROGEN-DOPED CARBON NANOTUBES AS A
CATALYST SUPPORT

2.1 Introduction

In recent years, different forms of carbon have been used to support
different kinds of metals. In particular the use of carbon nanotubes (CNTS)
has been reported. To achieve good interaction between the CNT and the
metal, functionalisation or doping of CNTs has been attempted. The most
common dopant used to modify the behaviour of CNTs is nitrogen to give
the so called nitrogen-doped carbon nanotubes (N-CNTs). The work
reported to date, using N-CNTs as support materials for catalysts, is

reviewed below.

A catalyst support is a material on which an active metal nanopatrticle is
deposited. It can be a granular, fibrous or a monolithic material with high
thermal stability. Examples include either naturally occurring materials
such as clays and zeolites or synthetic materials like silica, titania, alumina
and zirconia [1]. A challenge related to the use of the above supports is
that they are not easily removed from the products at the end of the
reaction due to their high degree of insolubility. To overcome the above
challenge CNTs have been used as supports for various catalytic
applications [2,3,4,5,6,7,8,9]. These can in principle be removed by

oxidation.
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2.2 CNTs

CNTs can be described as a one dimensional form of a fullerene with a
well-defined direction along the nanotube axis that is analogous to the in-
plane directions of graphite. CNTs can be single-walled CNTs (SWCNTSs),
double-walled CNTs (DWCNTSs) or multi-walled CNTs (MWCNTSs). Ideally,
SWCNTs are made of a perfect graphene sheet, rolled up into a cylinder
and closed by two caps [10,11]. The diameters of SWCNTSs are typically in
a range of 0.4 - 3 nanometres (nm), while the length can be up to several
microns. Typically MWCNTSs can be considered as a series of concentric
SWCNTs with inner diameter of 1 - 30 nm and with outer diameter of up to
100 nm (Figure 2.1) [11]. Since the report of CNTs by lijima in 1991, their
physical and electronic properties have generated considerable interest.
The most noticeable properties are their superior mechanical toughness,
good electrical conductivity and high tensile strength which are required

for numerous applications [12,13].

SWCNTs

Figure 2.1. Computer generated models of single-walled (SWCNTs) and multi-
walled carbon nanotubes (MWCNTS) [14].

One of the first observed major commercial applications of MWCNTSs was

their use as an electrically conducting material with dramatically increased
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modulus and strength [15]. Porous CNT arrays have a high
electrochemical accessible surface area and combined with their high
electronic conductivity and useful mechanical properties, these materials
are attractive as electrodes for devices that use electrochemical double
layer charge injection [11]. Therefore, they are used for energy storage,
i.e. for fuel cells that power electric vehicles or laptop computers [16]. They
can be applied as field emission electron sources, for flat panel displays,
lamps, gas discharge tubes providing surge protection and as X-ray and

microwave generators [11].

CNTs are attractive supports in heterogeneous catalytic processes owing
to their ability to be easily tailored to meet specific needs. They are
employed as supports due to their high surface area, resistance to
acidic/basic media, stability at high temperatures and the possibilities of
controlling both their porous structure and the chemical nature of their
surface [8,17,18]. CNTs have been studied as supports for metal catalysts
and they are known to enhance the catalytic performance in such a way
that the activity of a catalyst becomes higher than that encountered with
traditional catalyst supports in both the gas phase and liquid phase
reactions [19,20,21,22]. Nanotubes are special because they have small

dimensions, a smooth surface topology and perfect surface specificity.

Nieto-Marquez, et al. [23] revealed that CNTs possess fascinating physical
and chemical properties with electronic behaviour varying from metallic to
semiconducting depending on their structural composition, chirality and
diameter. It is still a challenge to precisely control these parameters in the
growth process of the CNTSs; it is also not easy to control the properties or
the reactivity of the outer wall of the CNTs [24]. The CNT surfaces are
usually chemically modified by acid treatment which considerably reduces
the chemical and electronic performance of the tubes due to the
introduction of a large number of defects. Other surface modification is

done by doping CNTs with heteroatoms.
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2.3 Nitrogen doped carbon nanotubes (N-CNTSs)

The doping of CNTs with heteroatoms offers a practical path to tailor both
the physical and chemical properties of the CNTs by creating new states
that modify their electronic structure [25,26]. Boron and nitrogen are
among the most effective dopants used because of their small atomic size
that is similar to that of the carbon atom. They thus have a reasonable
probability of entering the nanotube lattice [27,28,29,30,31]. In particular,
the substitutional doping of CNTs by nitrogen has received attention
because significant changes in hardness, electrical conductivity and
chemical reactivity of CNTs have been theoretically predicted and
experimentally observed after doping [32]. Additional lone pairs of
electrons on N atoms with respect to the delocalised 1r-system of a
graphite-like hexagonal framework enhance the electron properties
[33,34,35].

Figure 2.2. Representative TEM micrographs of N-CNTs with a bamboo-like
structure along the tube axis
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It is observed that doping with nitrogen also has a significant effect on the
structure of the carbon material. In most cases, MWCNTs doped with
nitrogen usually exhibit a bamboo-like structure with regularly arranged
compartments (refer to Figure 2.2). N-CNTs are found to be exclusively
metallic conductors or with a narrow energy gap, thus increasing their
storage capacity. This offers the possibility of greater electrical conductivity
when compared to undoped CNTSs [33,36,37,38].

Nitrogen atoms entering the graphene sheets as a substituent for carbon
could also modify the adsorption strength of the nanotube towards foreign
elements quite significantly. This will in turn, greatly modify the overall
catalytic activity as well as selectivity of a catalyst [39]. Generally, nitrogen
is incorporated into the CNT lattice during growth. The possible bonding
configurations for N in graphitic networks are shown in Figure 2.3. The
three most common bonding configurations are: (A) pyridine-like sp2 -
hybridized 6-fold ring arrangement, (B) pyrrole-like sp2 - hybridized 5-fold
ring arrangement, (C) substitutional sp3 - hybridized 6-fold ring
arrangement and (D) oxidised pyridine [40,41].

Figure 2.3. Types of nitrogen species found in N-CNTs: (A) pyridinic, (B) pyrrolic,
(C) quaternary and (D) oxidized pyridinic [42].

N-CNTs contain promising activated carbons that demonstrate enhanced
chemical reactivity for electron transfer processes. Although many studies
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have evaluated the structure-composition-property relationships of these
N-doped carbons, the influence of nitrogen doping has not been fully
established [36].

2.4 N-CNTs synthesis

Several techniques have been developed to produce nanotubes in
sizeable quantities. Currently there are three major techniques to produce
high quality CNTs viz. arc-discharge, laser ablation and chemical vapour
deposition [42,43]. This same method can be used to make N-CNTs. In
the first two processes, energy from either the arc or the laser is used to
preferentially evaporate the carbon (graphite) material in the presence of
an inert gas and metal catalysts like iron or cobalt. The temperatures
involved in these methods are close to the melting temperature of
graphite, 3000 - 4000 °C [45]. The disadvantages of arc discharge and

laser ablation processes are:

I.  These processes are not very well controlled, nor are they

continuous processes,

lI.  The removal of impurities using simple, cheap purification methods
is difficult;

lll. It is not easy to grow well aligned nanotubes as they require the

use of sophisticated instrumentation [44].

The chemical vapour deposition (CVD) method, however, has certain
advantages such as a high yield and controllable growth conditions.
Scalability is not a problem in the CVD process. A drawback of the CVD
process in the production of poor quality CNTs that contain defects,
particularly because the structures are created at much lower
temperatures of between 600 - 1000 °C as compared to arc and laser
techniques, where the environment of the plasmas are larger than 2000
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°C. It is most likely that in laser and arc technique defects can be annealed
by high temperature during a growth proces [45,46].

2.4.1 Arc Discharge

In this method nanotubes are synthesised through arc vaporisation of two
carbon rods placed end to end; which are separated by approximately 1
mm in an enclosure that is usually filled with inert gas such as helium or
argon at low pressure of between 50 - 700 mbar. A direct current of 50 -
100 A, driven by approximately 20 volt direct current (VDC), creates a high
temperature discharge between the two electrodes. The discharge
vaporises the anode carbon rod and forms a cigar-like deposit on the
cathode. The outer part of the deposit is grey and hard and is usually
discarded. The inner core is black and soft and contains nanomaterial [47].
During vaporisation there soot is formed on the sides of the arc chamber,
which also contains a lesser amount of nanomaterial. Stéphan et al. [48]
initiated the synthesis of doped MWCNTS; they produced boron-nitrogen
doped MWCNTSs using the arc-discharge method.

242 Laser ablation

Laser ablation uses intense laser pulses to vaporise carbon graphite
containing a small atomic percent of metal catalyst. The target is placed in
an oven heated to 1200 °C. A laser beam is focussed onto the target and
a flow of inert gas typically helium or argon, is passed through the growth
chamber to carry the nanotubes downstream to be collected on a cold
finger. The synthesis of B-C-N nanotubes by a laser ablation in which a
pressed pellet of carbon, BN and metal mixture are ablated by a high-
power pulsed laser in flowing nitrogen gas was reported by Zhang et. al,.
[49].

Laser ablation operates similar to arc-discharge, the optimum background

gas and catalytic mix is the same as in the arc-discharge process. They
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both use the condensation of carbon atoms produced from the
vaporization of graphite targets [47].

2.4.3 Chemical vapour deposition (CVD)

CVD synthesis is achieved by decomposing a carbon source and using an
energy source, such as a plasma or a resistively heated coil, to impart
energy to the gaseous carbon molecules. This process occurs in a typed
temperature range of 650 - 900 °C. Commonly used carbon sources
include methane, carbon monoxide, acetylene, etc. The energy source is
used to dissociate the molecule into reactive (radical) species. These
reactive species then diffuse to the substrate, which is heated and coated
with a catalyst (usually a first row transition metal such as Ni, Fe or Co),
where CNTs grow on the catalyst. The CVD method enables the selective
production of MWCNTs or SWCNTSs, depending on the reaction chemistry

and process parameters, such as temperature.

2.5 Review of the literature of N-CNTs synthesis

In this section we review the synthesis of N-CNTs as described in the
literature. The doping of a carbon nanostructure with nitrogen can be
divided into two types:

I. Doping directly during the synthesis of carbon nanostructure

materials, which can be called an “in situ” doping process and

Il. Post-treatment of pre-synthesised CNTs with nitrogen-containing

precursors such as N, and NHjs, i.e. a post doping process.

The ‘in situ’ doping method is the most commonly used method used to
make N-CNTs [50]. Incorporation of foreign atoms into CNTs was first
performed by Stephen and co-workers [51] who doped CNTs with boron

and nitrogen using the arc discharge technique. The arc discharge,

20



chemical vapour deposition (CVD) and laser ablation methods have all
been employed in the synthesis of CNT structured material and these
methods are also suitable for the synthesis of N-CNTs. These techniques
produce the N-CNTs with regular internal bamboo cavities (refer to Fig.
2.2.) whose growth mechanism is not fully understood. A recently
proposed growth model is depicted in Figure 2.4. During synthesis, carbon
and nitrogen species are generated and deposited on the metal catalyst
particle and react exothermically with the metal. Diffusion of N-C species
through the metal catalyst particle is accountable for N-CNT growth in the
same way that carbon diffusion leads to CNTs. The encapsulation of N in
the N-CNTs is caused by the decomposition of unstable reactive
intermediates. The compartments are caused by the different precipitation
rates of different N and C species. When precipitation is slow, and there is
a lack of material to maintain inner CNT growth, layers will suddenly close
[41].
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Figure 2.4. Proposed growth mechanism for N-CNTs [47].

When NHs is used as a N-source, it requires the co-addition of a carbon

precursor. This process has been found difficult to control [52]. To
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overcome this difficulty of using ammonia, precursors containing both
carbon and nitrogen have been adopted. Ghosh et al., [27] obtained highly
aligned bamboo-shaped CNTs by the catalytic pyrolysis of
ethanolamine/ferrocene  mixtures over the temperature range
700 — 900 °C by a CVD method. During the deposition ethanolamine
decomposed to form ammonia, which is very effective for the growth of
N-CNTs. MWCNTSs containing nitrogen have also been grown by aerosol
CVD of a ferrocene/benzylamine solution [27]. Scanning tunneling
microscopy (STM) measurements showed that the local density of states
of nanotubes in these materials is asymmetrical, with a higher density of
states above the Fermi level. Approximately 9.7 wt. % nitrogen was
determined by Energy dispersive spectroscopy [53]. Nxumalo et al. [54]
studied the effect of varying the N-source concentration on the production
of N-CNTs by a floating catalyst CVD method wusing a
ferrocene/aniline/toluene solution. A ferrocene/aniline catalyst of 15 wt. %
produced pure N-CNTs with a small amount of by-products. It was also
revealed that the diameters of the tubes can be controlled by varying the
N-source concentration. Well-aligned as-grown N-CNTs bundles having
lengths of about 430 um were reported. In another study spray pyrolysis of
ferrocene/acetonitrile solutions was used [55]. X-ray-photo electron
spectroscopy studies revealed that the wt. % of N content was indirectly
proportional to the growth temperature and TEM showed that the bamboo
compartment distance increase with an increased in growth temperature
[55].

Albeit several articles have been published regarding the synthesis of
N-CNTs it is very difficult to compare the results obtained from different
reports since different experimental condition have been reported by the

various authors.
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2.6 Metal/CNT catalyst preparation

The primary aim in the preparation of a supported catalyst is to have a
high surface area of a reduced metal deposited on a high surface area
material (Figure 2.5). In order to use the N-CNTs effectively as a support
for catalyst, metal nanoparticles must be well dispersed on the support
surface. Supported metal catalysts are typically prepared by reducing a
metal salt and binding it onto a support material [1,56]. The dispersion of a
metal on a support is still largely based on conventional catalyst
preparation techniques, such as precipitation and impregnation methods
followed by chemical reduction, CVD deposition and ion exchange. Egg
shell catalyst, plasma and sol gel methods are other methods that are less
commonly used to prepare supported catalysts [6,57]. These techniques
can play a role in metal finishing operations. However, many have high
unit-deposition costs. Other disadvantages of most reported methods are
the required pre-treatment of the support. Carbonaceous are often treated
support, with strong acids, ionic liquids surfactants, specific solvents, or
reagents prior to metal salt addition [58]. In addition, certain requirements
are not always fulfilled when these methods are used. Below are some of
the challenges experienced during catalyst preparation:

* Particle mean size is not well controlled.

* Wide particle size distribution of metals on CNTSs.

» Particles are agglomerated and not uniformly dispersed [59].

» Cost issues associated with up-scaling.
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Figure 2.5. HRTEM image of metal/MWCNT composites

The nitrogen atom has an extra electron compared to carbon, and from an
electronic point of view, therefore the surface of CNTs is expected to be
more electronegative [60]. This results in N-CNTs possessing high surface
nucleation sites, which allow the anchorage and high dispersion of the

metal active phase on the support surface.

In order to gain more insight into the exact localization of the metal
particles with respect to the N-CNT, Chizari et al. [38] used TEM
tomography to study a Pd/N-CNT catalyst (Figure 2.6). According to the
results, the palladium particles were exclusively restricted on the outer
surface of the N-CNT, which provided a highly effective metal surface

contact for the reactants.
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Figure 2.6. TEM tomography (a) and (b) arrow showing the metal particles (c) 3D
image showing the localization of the Pd particles on the outer surface of the N-

CNT support [38].

Molecular dynamics simulations were used to investigate the effect of
ruthenium on the stability of N doped MWCNTSs. Figure 2.7a depicts a
model of nitrogen that has been doped (substitutionally) onto a CNT
network. The system has been hydrogen-terminated to account for
dangling bonds. Ruthenium was placed 2.048 A (stable configuration)
above the CNT surface and after simulations ruthenium was seen to be
repelled from the surface to a distance of 4,044 and 3.147 A for pristine
CNTs (Figure 2.7b) and N-CNTs (Figure 2.7c) respectively. The
configuration shown in Figure 2.7c was comparably found to be the most
stable structure. The results show that the nitrogen atoms act as donor-
like atoms and not directly as binding sites for the deposited metal active

phase.
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Figure 2.7. Molecular Dynamics simulation studies of the physisorption of
ruthenium (a) stable configuration before simulation (b) pristine CNT (c) N-CNT
support.

2.7 Catalyst preparation methodologies

2.7.1 Impregnation method

Impregnation is the most simple, least expensive and most prevalent
method to prepare a supported metal catalyst. In this method a high
surface area support is contacted with a liquid solution containing
dissolved metal ions. After slurries of the support and metal precursors are
dried they are heated in various oxidising and reducing environments in
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order to remove the ligands and to reduce the metal to its active elemental
state [61,62,63]. The advantage of this method in the preparation of the
supported noble metal catalysts is the deposition of small amounts of

metals on the surface of support in a finely dispersed form.

The impregnation process may involve an incipient wetness or a dry
method. The incipient wetness method is an impregnation method in
which a support is contacted with a volume of precursor solution slightly in
excess of the total pore volume of the support; after addition, the slightly
wet powder is allowed to dry [63,64,65]. In the dry impregnation method a
thick paste formed from contacting the support with just the right amount
of liquid needed to fill the pore volume is used. The solution contains a
precise metal loading and the product does not need to be filtered.
Drawbacks of impregnation methods arise when metal precursors do not
interact strongly with a support surface. Metal complexes that remain in

the solution can migrate significantly during drying [57].

2.7.2 Precipitation methods

The precipitation method is the preferred method for preparing a
supported catalyst with a metal loading higher than 10 - 15 %. It can be
either achieved by co-precipitation or deposition-precipitation.
Co-precipitation is a process whereby solutions containing the metal salt
and a salt of a compound that will be converted into the support are
contacted while stirring with a base in order to precipitate the metal ions as
hydroxide or carbonate. In principle deposition-precipitation is similar to
co-precipitation but with an aim of allowing the precipitation material to

form inside the support pores [66].

2.7.3 Microwave assisted method

Unlike the impregnation method whereby chemical reduction is used, the

microwave assisted method uses microwave irradiation for metal
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reduction. It is a more novel technique which gives a good control of
particle size and morphology, which are the factors that influence the
catalytic activity [6]. The microwave assisted method can allow synthesis
to be achieved using shorter reaction times, reduced energy consumption

and better yields that can be achieved by impregnation methods [67].

Classical synthesis processes can be time consuming since they include

multiple steps such as long ageing, drying and calcination of the samples.

2.8 Application of metal/N-CNTs in catalysis

A number of applications for the use of N-CNTs as a support in fuel cells
have been reported (Table 2.1). Currently, the degradation of an
electro-catalyst and their supports is recognized as one of the main
contributors to the long-term degradation of fuel cells [68]. Another major
limitation to the commercialization of fuel cells is the high cost of their
components. A study of catalysts for the oxygen reduction reaction (ORR)
using nitrogen-containing carbon has propelled the use of N-CNT

supported catalysts in fuel cells research.

N-CNTs have been shown to be a highly active catalyst for the ORR in a
proton exchange membrane (PEM) fuel cell environment. The conductivity
of N-CNTs material were slightly less than, but still comparable to,
materials used in fuel-cells [69].In addition, Chen et al., [80] evaluated the
electrochemical activity of N-CNTs prepared with different catalysts using
a rotating ring disc electrode (RRDE) voltammeter. The results showed
that the nitrogen content of N-CNTs is crucial for ORR. A high degree of
N-CNT surface defects was observed, and these enhanced ORR activity
by exposing more edge plane nitrogen groups such as pyridinic and
pyrollic nitrogen, which could take part in the ORR though the lone pair

electrons on the nitrogen.
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Table 2.1. Applications of N-CNTs

Metal N % Loading Reaction application Ref
%
Pd 1-55 Cinnamaldehyde [38]
hydrogenation
Pd 4 10 Cinnamaldehyde [39]
hydrogenation

Pt 15-8.4 30 PEM fuel cells [68]
Ru 0.1-19 0.8 Ammonia Decomposition [70]
Ru 4 2 Ammonia Decomposition [71]

Pt-Ru unknown 40 Methanol oxidation [72]

Pt-Ru 4 9 Methanol oxidation [73]
Pt 0-16.7 Methanol oxidation [74]
Pt unknown Methanol oxidation [75]
Pt unknown 23 Ethanol oxidation [76]
Pt unknown 11 PEM fuel cells [77]
Pt 3.5 Electrochemical performance [78]
a 8.4 - ORR [79]
a 25-38 - ORR [7]
a 2.7-29 - ORR [80]
a 29-6.0 - ORR [81]
a 4-6 - ORR [82]
a 1.4-7.7 - ORR [83]

a- no metal used

In another study, the N-CNTs were used as a cathode material for the
ORR in alkaline medium [81]. Furthermore, the material proved to be more
active as compared to a commercially available Pt/C catalyst. The
improved electrocatalytic activity showed two important features; a
significant shift of the oxygen reduction and an increase in the oxygen
reduction current, which likely related to a higher average number of
electrons transferred per oxygen molecule [81].
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Lin [78] also investigated the effects of nitrogen incorporation in CNT
structures on their electrochemical (EC) properties. Studies were carried
out by correlating the nitrogen content of CNTs with EC performance. The
results showed that nitrogen incorporation provided a simple pathway to
modifying the electronic bonding structure. N-CNTs with an optimal 3.5 %
N promoted a substitutional graphite-like defect structure, which is
favourable for fast ET in electrochemistry. Albeit there is a lack of a
proposed mechanism for the ORR that includes a non-metallic active site,
several studies have suggested how nitrogen improves the ability of
carbon to reduce oxygen due to the ability of nitrogen to donate electrons
to O, [34].

-1.2 -0.8
E/V vs Ag/AgCI

i

-0.4 0.0

Figure 2.8. CVs for the ORR at the Pt-C/GC (top) and N-CNT/GC (bottom)
electrodes before (solid black curves) and after (dotted curves) a continuous
potentiodynamic swept for ~100,000 cycles in an air saturated 0.1 M KOH
solution at room temperature [82].

N-CNTs also appear to give a better electrode than Pt-C/glassy carbon

(GC) since there was a substantial enhanced steady state diffusion current
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(~ 0.8 mA) for N-CNTs/GC with respect to Pt-C/GC electrodes (Figure
2.8). Furthermore, N-CNT electrodes show stronger diffusion-limited
currents and lower over potentials when compared to their nitrogen-free
counterparts [82]. Studies have indicated the importance of the nitrogen
heteroatom in N-CNTs on their electrocatalytic activities for the ORR/fuel
cells [80]. Given that nitrogen has an effect on the surface chemical
activity and creates surface properties such as polarity, basicity and
heterogeneity, N-CNTs as a catalyst support should increase the durability

of the resultant catalyst [73].

Chen et al. [68] have shown that N-CNTs as support have advantages
over pristine CNTs when Pt catalysts are used. In the study, the
electrochemical surface area (ESA) was used to characterise the proton
exchange membrane fuel cell (PEMFC) catalyst. The degradation of the
ESA is plotted in Figure 2.9.
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Figure 2.9. Cyclic voltammograms comparing the degradation of the five
catalysts. Scan rate: 50 mV/s [68]. CN, refers to N-CNTs
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The durability of Pt/C was found to be much lower than that of Pt/CNTSs.
After 4000 cycles, only 4.6 % of the initial ESA of Pt/C remained while
11.2 % of the initial ESA for Pt/CNTs was removed. It is also clear that
Pt/N-CNTs have a higher stability than Pt/CNTs. Not only did the ESA
increase, but accelerated durability tests and TEM results indicated that
the stability of the Pt catalyst was increased by doping with N. Similar
studies were done by Saha and co-workers [77]. They revealed that the
Pt/N-CNTs electrodes exhibited a greater electrochemical surface than the
Pt/CNT electrodes as well as a higher single-cell performance in a H,0O,
fuel cell.

In another study, Pt catalysts were loaded on three different supports, viz.
graphite, CNTs and N-CNTs. In order to see the effect that incorporated
nitrogen would have, the catalytic activity was evaluated by increasing the
amount of nitrogen in the CNTs from 0 - 16.7 %. The catalytic activity of
methanol oxidation increased with the increase of the nitrogen content up
to 10.5 %. As shown in Table 2.2 the activity of an electrode with 10.5 %
nitrogen was higher than that obtained from other N-CNTs, CNT and
commercial Pt/C electrodes.

Table 2.2. Electro-catalytic activity of methanol oxidation on various electrodes

[74].
Electro-catalyst N content (%) Activity Ip(m Alcm?)
Pt - 0.076
GC/E-TEK 20% Pt/C-Nafion - 1.3

GC/CNT-Pt—Nafion 0.0 12.4
GC/N-CNT*-Pt-Nafion 6.63 16.2
GC/N-CNT*-Pt-Nafion 10.5 21.4
GC/N-CNT?-Pt—Nafion 16.7 18.6
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The increasing order of stability of various electrodes is: Pt < Pt/Vulcan (E-
TEK) < Pt/CNT< Pt/N-CNT* < Pt/N-CNT? < Pt/N-CNT?. It was also found
that the metal particle distribution on the
N-CNT support and the metal-support interactions was an important
parameter contributing to the activity of the catalyst. Thus, the higher
activity of the Pt/N-CNT? electrode with 10.5 % nitrogen content may be
attributed to the small particle size, the higher dispersion of platinum and
the nature of the CNT supports [74].

Another advantage of N-CNTs as a support for fuel cell application was
illustrated by study of PtRu nanoparticles dispersed on N-CNTs [73]. The
obtained catalyst was used to investigate the catalytic activity and the data
compared to data for oxidised CNT supports and a commercial catalyst.
The cyclic voltammograms (Figure 2.10) were recorded for the oxidation of
methanol (1 mol.dm™) at a scan rate of 50 mV.s™* for PtRu/N-CNT,
PtRu/O-CNT, PtRu/C E-TEK and PtRu/Vulcan catalysts. An improvement
in the activity was observed for the PtRu catalyst supported on N-CNTs
confirmed by the lower onset potential and significantly higher oxidation
current (curve (i)) in the forward sweep. The oxidation peak observed in
the reverse scan at around 0.4 V is associated with the oxidation of
adsorbed intermediate species in the forward scan. The onset potential for
PtRu/N-CNT was 0.21 V, while that for PtRu/O-CNT was 0.33 V. In
principle, with respect to the methanol electrooxidation mechanism, the
onset potential is related to the breaking of C-H bonds and the subsequent
removal of the COyys like intermediates by oxidation with OH.qs Species
supplied by Ru-OH sites. In the CO stripping study, PtRu supported on
N-CNTs showed the lowest onset potential confirming the easier oxidation
and removal of the COg,qs intermediates, which is reflected here by the

significantly higher methanol oxidation current.
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Figure 2.10. LSV at 1 mV s-1 scan rate for the oxidation of 1 mol dm~ methanol
in 0.5 mol dm™ H,SO, at room temp. Inset showing the chronoamperometric
response recorded at 400 mV. (i) PtRu/N-CNT, (ii)) PtRu/O-CNT, (iii) E-TEK
PtRu/C and (iv) PtRu/Vulcan catalysts [73].

2.9 Other catalytic applications of N-CNTs

This high surface reactivity of N-CNTs is not only exploited in
electrocatalytic reactions but can be used in other reactions e.g. Ru
catalysts have been tested in catalytic ammonia decomposition reaction.
The N-CNTs and conventional CNTs prepared under the same conditions
were used as a support for Ru. The activity of Ru improved significantly
when supported on N-CNTs; the differences in the activity could not be
accredited to the Ru particle size effect since the sizes were similar in both

cases [71].

Chen et al. [70] and Garcia-Garcia [71] also demonstrated that the
decomposition reaction of ammonia was enhanced by the presence of a
Ru catalyst on the N-CNTSs. It was concluded that the catalytic activity of
the Ru-based catalyst depends on the electron transfer ability and the

dispersion of Ru nanoparticles. Recently, N-CNTs were used as a catalyst
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support for palladium in the liquid-phase hydrogenation of cinnamaldehyde
[38]. The palladium active phase supported on the N-CNTs showed C=C
bond hydrogenation activity and selectivity higher than that found for the
undoped CNTs. The specific areas of the two supports were similar (183
and 176 m?/g, respectively). This is in agreement with the findings of Chen
et al. [70] that the activity depends on the dispersion of the metal catalyst.
The high dispersion of metal on the N-CNTs is attributed to the electronic
interactions with the sp? hybridized nitrogen, with an unbonded electron
pair being able to complex the empty orbital of the metal ion as a ligand
[38].

2.10 Conclusion

This chapter summarised the current literature on the use of N-CNTs as a
catalysts support. Currently most applications related to the use of
N-CNTs as a catalyst support relate to fuel cell applications. N-CNTs are
still in their early stages of development but they have been showed to be
exceptional nanomaterials due to their properties. In order for the N-CNTs
to demonstrate their ability to act as nanoparticles for supports,
appropriate metal addition methods for nanoparticles to CNTs must be
exploited.
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CHAPTER 3

SYNTHESIS OF NITROGEN-DOPED: CARBON
NANOTUBES USING TWO STAGE THERMAL CVD

3.1 Introduction

Nano-structured carbon based materials, such as carbon nanotubes
(CNTs) have received interest due to their fascinating physical and
chemical properties [1,2,3,4]. Carbon nanotubes (CNTs) have electronic
behaviour ranging from metallic to semiconducting that depends on their
structure, composition, chirality and tube diameter. Control of these
properties is still a challenge [5]. The doping of the CNTs with other
elements offers one practical path to tailor both the physical and chemical
properties of CNTs by creating new chemical states that modify their
electronic structure [4,6]. Boron (B) and nitrogen (N) are among the most
effective dopants used in the literature for the preparation of doped CNTs
because of their small atomic size which is relatively similar to carbon
atom. This allows both boron and nitrogen to enter the CNT lattice space,
thus modifying the physico-chemical structural properties of carbon
[7,8,9,10,11]. Significant changes in hardness, electrically conductivity and
chemical reactivity of the CNTs have been theoretically predicted and
experimentally observed with substitutional doping of CNTs by nitrogen.
As a result nitrogen doping in CNTs has received focused attention [12].
The additional lone pairs of electrons on the nitrogen, atom with respect to
the delocalised T1r-system of a graphite-like hexagonal framework,
enhances the electron conducting properties of the CNTs
[13,14,15,16,17].
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Depending on the synthesis conditions used (temperature, type of active
metal catalyst, nitrogen source and carbon-nitrogen) various N-CNTs with
different microstructures can be synthesized [18,19]. Various experimental
methods such as chemical vapour deposition (CVD), high-temperature
and high pressure reactions, solvothermal synthesis, solid reactions and
gas-solid reactions of amorphous carbon with NH3z at high temperature
have been utilised to produce N-CNTs [20,21].

A CVD method offers the simplest technique towards the formation of
doped CNTs [8]. In this chapter the synthesis of N-CNTs using a two stage
thermal CVD method is described. The studies showed that the growth of
CNTs depends on different parameters such as flow rate, type of carrier

gas, and catalyst.

Numerous carbon-containing compounds such as alcohols have proven to
be efficient carbon precursors for CNT formation. The feasibility to produce
a carbon material using an alcohol as the carbon precursor was
established in 1968. Since then many alcohol, have been used with
ethanol being the most used alcohol [22,23,24,25,26]. Alcohol not only
provide carbon atoms for the CNT formation but alcohol molecules also
yield OH radicals upon decomposition, this can further participate in the
etching reactions aiding in the CNT purification process. Therefore
alcohols have been found to produce cleaner carbon nanotubes which
contain less amorphous carbon and other impurities than CNTs produced
using alkanes and alkenes [27,28]. In this study cyclohexanol is used as
a carbon source. It was previously used by Musso and co-workers [29].
The choice of this alcohol was suggested as it contains a benzene
structure and boiling point which is similar to aniline. Additionally, it is a
good solvent for ferrocene and this allows the generation of a

homogeneous solution [29].
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3.2 Experimental

3.2.1 Materials and Reagents

Cyclohexanol, ferrocene and aniline, all analytical grade, were obtained

from Sigma Aldrich and used as purchased.

3.2.2 N-CNT synthesis using a two stage furnace the  rmal-CVD

Undoped and nitrogen doped CNTs were synthesised using a
thermal-CVD method in a two stage horizontal split-tube furnace. The
reactions were carried out in a horizontal tubular quartz reactor (800 mm X
28 mm) in atmospherc pressure. Cyclohexanol was used as carbon
source, aniline as a nitrogen source and ferrocene as catalyst. A mixture
(3 g) of cyclohexanol-anilline-ferrocene with different ratios was placed in
a quartz boat (120 mm X 15 mm) that was directly introduced into the
centre of the first furnace and vaporised at 280°C. The resultant vapours
were transferred to the second furnace where the carbon materials were
grown at a temperature of 800 - 950 °C under a nitrogen or argon carrier
gas flow rate of 100 mL/min measured with MKS mass flow controller
(Multi gas controller 647C). The temperature inside the furnaces
determined by means of a thermocouple positioned in the middle of the
furnace. The reaction was maintained until there was no longer vapour
visible in the tube; the furnace was cooled down under the inert gas
atmosphere. The black soot was then collected from the inner wall of the
quartz tube for characterisation. In the reaction +/- 2.5 g of reactants were
consumed. Elemental composition and structural characterisation studies

were performed using the instruments below.

3.2.3 Characterisation

The morphology of the as-prepared and purified CNTs was evaluated
using a LEO 1525 FE-SEM. The TEM analysis was performed by using a
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Philips CM 200 electon microscope with beam energies of 120 kV. TEM
was used to analyse the particle size and morphology of the as-prepared
CNTs. The presence of the amorphous carbon and residual catalyst
particles on the CNTs can be observed by the TEM technique. The
samples for analysis were prepared by sonicating about 0.5 mg of CNTs in
5 ml methanol for 5 min. One drop of the resulting suspension was

dropped on a copper grid.

Elemental analysis was carried out using XPS. An Electronic Quantum
2000 analyser with resolution of 0.1 at. % using a vacuum operating with
Al (Ky) radiation was used.

Simultaneous thermogravimetric-differential analysis was performed using
a TA Q500 instrument. CNT samples (5 mg) were analysed in platinum
pans at a heating rate of 10 °C/min to 950 °C in an atmosphere of air

flowing at 50 ml/min.

Raman spectra were collected before and after purification of CNTs using
a Horiba Jobin Yvon T64000 Raman spectrometer. The spectra was
recorded from 150 - 3000 cm™ with a 514.5 nm excitation with an energy
spectrometer setting 1.2 mW from a Coherent Innova model 308 Ar ion
laser in measured backscattering geometry with a cooled charge-coupled

device array detector.
3.3 Results

Nitrogen doped CNTs were grown in a two stage furnace using different
carrier gas (Ar-5%H, or N,), temperature and nitrogen concentrations with
the catalyst concentration kept constant. Ferrocene was used as the
catalyst for the CNTs growth. The first furnace at 280 'C was to vaporise
the reactants; cyclohexanol, ferrocene and aniline while the second
furnace at higher temperature was for the formation of carbon materials.

N-CNTs were produced when aniline was introduced into the reaction
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mixture. The results of the conditions used to make the N-CNTs are

summarised in Table 3.1. The samples were named according to the mass

ratio of aniline used and a carrier gas used, for instance, Anily5 is when 5

mass ratio of aniline was used with nitrogen as a carrier gas and Anilag9 is

when 9 mass ratio of aniline was used with argon as a carrier gas.

Table 3.1. Growth conditions of the carbon nanotubes

Sample Carrier Temp Fch:Aniline: Flow rate | Yield | Tubes/ amorphous

code Gas (°C) Cylohexanol (mL/min) | (mg) carbon/fibers
(Mass ratio)mg +%

Anil 450 Ar 800 1:0:39 100 - -

Anil ,.g0 Ar 850 1:0:39 100 - -

Anil \r0 Ar 900 1:0:39 100 490 90cC, 10aC

Anil ar5 Ar 800 1:5:34 100 - -

Anil ar5 Ar 850 1:5:34 100 - -

Anil Ar5 Ar 900 1:5:34 100 270 80cC, 20aC

Anil ag2 Ar 900 1:2:37 100 300 80NT, 15aC,5cC

Anil Ar5 Ar 900 1:5:34 100 270 90NT, 10aC

Anil Ar9 Ar 900 1:9:30 100 130 95NT, 5aC

Anil O N> 800 1:0:39 100 90 80F, 20aC

Anil O N> 850 1:0:39 100 280 80T, 20aC

Anil O N> 900 1:0:39 100 960 90cC, 10aC

Anil 5 N, 800 1:5:34 100 - -

Anil 5 N, 850 1:5:34 100 - -

Anil \5 N> 900 1:5:34 100 450 90NT, 10aC

Anil 2 N> 900 1:2:37 100 810  80NT, 15aC,5cC

Anil \5 N> 900 1:5:34 100 450 90NT, 10aC

Anil \9 N> 900 1:9:30 100 310 95NT, 5aC

T: Nanotubes (CNTs), NT: Nitrogen-doped CNTs, F: Nanotibers, aC: Amorphous carbon and cC: Conical

stacking graphene sheets
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3.3.1 TEM and SEM analysis
3.3.1.1 Effect of the carrier gas

Ar-5%H, or N, were used as carrier gases for synthesis of CNTs
materials. The Ar-5%H, produced carbon material showed lower yields
when compared to the N, synthesised CNTs material (Table 3.1). The
results indicated the material only formed at reaction temperatures above
850 °C when Ar-5%H, was used as the carrier gas. In contrast, for the
synthesis of CNTs using N, as carrier gas, a substantial amount of carbon
material formed even at temperatures of 800 °C. FIB-SEM images of
sample Anilar9 and Anily9 produced at 900 °C for both Ar-5%H, and N,

carrier gases are shown in Table 3.1.

whb o~

Rl
200 nm
4

Figure 3.1. FIB-SEM images of the CNTs grown under a) Nitrogen b) argon with
5% hydrogen. Synthesis conditions: 3g of ferrocene-anilline-cyclohexanol mixture
with ratio 1:5:34. Flow rate 100 mL/min, temp=900 °C.

The material produced using Ar-5%H, has tubes with outer diameter in a
range of 20 - 80 nm, while the nitrogen carrier gas produced tubes that
had a 30 - 110 nm diameter range. The hydrogen in the argon carrier gas
iIs playing a major role in the diameter of the material formed during
synthesis. Hydrogen cleans the outer surface of the tube which leads to
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the smaller diameters and lower yield of the CNTs. Wasal et al. have
carried out a study on the CVD synthesis of MWCNTs and they
investigated the role of hydrogen on CNT synthesis using ferrocene as a
catalyst and xylene as the carbon source [30]. The study revealed that
hydrogen caused a competition between the formation of different
compounds (soot, carbon fibers and CNTs) and it also reduced the rate of
carbon production by dehydrogenation.

3.3.1.2 Effect of temperature

The vyield of the carbon material was observed to increase with an
increase of temperature as shown in Table 3.1. Figure 3.2 illustrates the
high resolution TEM images of the as-synthesised materials at: 800, 850
and 900 °C. In addition, Figure 3.3 shows the low resolution TEM images.

Figure 3.2. TEM images of the carbon material grown at (a) 800 °C, (b) 850 °C,
(c) 900 °C and N-CNTs (d) 900 °C. Synthesis conditions: 3g of ferrocene-anilline-
cyclohexanol mixture with ratio 1:5:34. Flow rate 100 mL/min, N, carrier gas.
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In Figure 3.2a, at 80CGC, a carbon nanofibers material with helical-like
morphology and “herringbone” structure is producdsinagilov et.al., [31]
reported similar morphology formation before.

Regular CNTs with hollow tube where obtained at the temperature of 850

°C with a narrow diameter range of 35 - 100 nm (Figure 3.2b). At 900 °C,
morphology with a conical stacking of graphene sheets with intermittent

hollow regions is observed (Figure 3.2c).

Figure 3.3. TEM images of the carbon material grown at (a) 800 °C, (b) 850 °C (c)
900 °C (d) and N-CNTs at 900 °C. Synthesis conditions: 3g of ferrocene-anilline-
cyclohexanol mixture with ratio 1:5:34. Flow rate 100 mL/min, N, carrier gas.
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The structure of the carbon material depends on the ratio between the
diffusion rate of carbon through the catalyst and on its surface [32]. The
diffusion rate in turn depends on temperature. At 800 °C the diffusion rate
of Fe catalyst and C was too low for the CNTs to nucleate and completely
grow into hollow tubes and it resulted in carbon nanofibers. At 900 °C
diffusion rate was too high, which led to irregular/distorted morphology. It
does not seem to match the growth kinetics of the fine nanotube [33].The
suitable diffusion rate for CNTs was at 850 °C. Ar-5%H; carrier gas is able
to form carbon material at 900 °C only. However, the materials synthesized
under Ar-5%H, carrier gas do not give hollow tube CNTs (Figure 3.4) and
the yield is low. For this reason the material produced under the N, carrier

gas will be discussed in more details.

When aniline was introduced as a reactant together with ferrocene and
cyclohexanol no carbon materials were produced at a temperature below
900 °C. This shows that the surface diffusion rate of Fe and C was
affected by the introduction of the aniline in the solution. Shalagina et al,
[32] reported that nitrogen changes the ratio of diffusion rate by hampering
the bulk diffusion or facilitating the surface diffusion rates. Hence, N-CNTs
were formed at a higher temperature as compared to the undoped CNTs
which were formed at a lower temperature of 850 °C (Figure 3.3b). The
CNTs formed had a fairly crystalline structure, constituted by a periodical
bamboo like structure instead of a hollow channel found for CNTs formed
without aniline as shown in Figure 3.2d. The formation of the bamboo was
attributed to the incorporation of nitrogen dopant atoms. Nitrogen atoms
generate pentagons in the graphite network of the tube by interrupting the
precipitation of the graphite shells leading to the bamboo shape structure
[13,34,35,36,37].
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Figure 3.4. TEM images of the carbon material grown at 100 ml/min flow rate of
Ar at 900 °C.

Even though the nitrogen doped CNTs were obtained, it is difficult to
control the reaction process. Three compounds (cyclohexanol, ferrocene,
aniline) with different vapour pressure are introduced at 280 °C and they
are vapourise at different rate. Therefore, it is not easy to control the
synthesis process.

3.3.2 Raman spectroscopy analysis of synthesised ca  rbon

Raman spectroscopy measurements were conducted to evaluate the
graphitization and crystalinity of the as-prepared samples as a function of
temperature is illustrated in Figure 3.5. All spectra show mainly two bands;
a D-band at 1330 cm™ and a G-band at 1580 cm™. The D-band is
attributed to a disorder-induced feature due to lattice distortion. The G-
band originates from the in plane stretching vibration mode, E,g, of a
single crystal graphite [38].The intensities give information about structural
change characteristics of the carbon materials resulting from a change in
morphology. The Ig/ly of AnilyO - 800 °C, Anil\0 - 850 °C, Anily0 - 900 °C
and Anily5 - 900 °C were 1.08, 0.52, 0.65 and 0.56 respectively as shown
in Table 3.2.
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Figure 3.5. Raman spectra of the CNTs grown (a) 800 °C, (b) 850 °C (c ) 900 °C
and (d) Anily5 at 900 °C. Synthesis conditions: 3g of ferrocene-anilline-
cyclohexanol mixture with ratio 1:0:39. Flow rate 100 mL/min, N, carrier gas.

Table 3.2. I4/l; of CNTs at different temperatures

Sample Temp(°C) D-band (cm™) G-band(cm™) la/lg
Anil O 800 1349 1578 1.08,
Anil O 850 1349 1578 0.52
Anil O 900 1349 1578 0.65
Anil 5 900 1348 1572 0.56

The l4/lg is strongly dependent on the defect fraction originating from use
of different temperatures and it could be considered as measure of the

crystallinity [39]. The ratio of 0.52 for tubes formed at 850 °C showed the
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crystalline order of graphene to be higher when compared to carbon
material prepared at 800 and 900 °C. The herringbone nanofibers formed
at 800 °C appeared to have poor crystallinity and these results are in

agreement with TEM results.

With the incorporation of N there was a down-shift of the G-band with
6 cm™ and this is probably due to the new type of disorder with nitrogen
doping. This shift is ascribed to the C-C expansion or contraction and the
electronic structure changes [40]. For that reason, the down-shifts of the
G-band with introduction of nitrogen implies an enhanced electron transfer
between valence and conduction bands [17]. The peak at 2702 cm-1
represents a second order G’ band; an overtone mode of the D-band
which corresponds to two-phonon processes and its appearance does not
need defects. The most pronounced difference between the Raman
spectra of CNTs (Figure 3.5b) and N-CNTs (Figure 3.5d) nanotubes is the
strong decrease in the G' band intensity with nitrogen doping. Although the
origin of the G' band is independent of the structural defects, Raman
spectra showed that the intensity, of this band is sensitive to nitrogen
incorporation in CNTs [41].

3.3.2.1 Effect of the aniline

Figure 3.6a shows the SEM images of the CNTs without aniline. The tubes
have bends and twists. Additions of N results in straighten tubes though
the reasons for the behavior are not yet known (Figure 3.6b-d). The
increase of aniline in a reaction mixture also leads to a decrease in the
yield of the as-prepared material (see Table 3.1). This might be due to the
fact that yield depends on the amount of carbon that deposit to form the
solid material; CNTs. Therefore with the increase of aniline there is more

nitrogen substitution and less carbon deposit.
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Figure 3.6. FIB-SEM images of the CNTs with nitrogen carrier gas with
different ratios of FcH: Anil:Cyc (a) AnilyO (b) Anily2 (c) Anily5S (d) Anily9

3.3.3 XPS analys of N-CNTs

Figure 3.7 illustrates the XPS characterisation of as-prepared N-CNTs
(Anily5). It shows the full spectra of the material. The C1 peak positions at
284.9 eV is due to the delocalised sp®-hybridized carbon or graphite-like C
- C bonding [17,42].
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Figure 3.7. XPS N1s spectra of N-CNTs

The other C1 peak at 286.6 eV corresponds to the sp? and sp® hybridized
bonding geometry between nitrogen and carbon [17,42]. However, the
Cls signal is not considered to be the best evidence in supporting nitrogen
doping into CNTSs [43].

XPS also detected the presence of nitrogen. Figure 3.8 shows a narrow
scan of the N1s at region 360 - 410 eV. The N1s signals were masked by
the high noise/signal ratio, due to the low content of nitrogen in the sample
[44].The percentage (atomic) nitrogen contents presents in the N-CNTs
are shown in Table 3.3. The nitrogen concentration in the doped N-CNTs
varied from 0.2 to 1.3 at. % as the aniline in the reaction mixture
increased. The maximum nitrogen atomic percentage that was able to be
doped on the CNTs is 1.3 at. %. XPS also detected very low atomic
percentage of Fe (< 0.2 at. %) at 710 eV due to the synthesis catalyst,

formed from ferrocene.

56



(b) Anil AR9

/\nHARS

/\nHARZ
/\nHN9
/\nHNS
/\nHNZ

N A AW INANE M A

T T T T T T T
360 380 400 420 440 460 480 500

Figure 3.8. Normalised XPS N1s spectra of N-CNTs

Table 3.3. XPS elemental compositon of N-CNTs synthesised with various gas

with different ratios.

Postion (ev) 400 208 532 (01

Sample Name N at.% C (at.%) O (at.%) Fe (at.%)

Nitrogen gas

1:2:37 Anily2* 0.2 96 3.1 0.2
1:5:34 Anily5 0.8 95.7 3.2 0.3
1:9:30 Anily9* 1.3 95.1 3.0 0.4

Argon/5% H , gas

1:2:37 Anilar2 1.0 96.6 2.3 0.1
1:5:34 Anilar5 1.3 96.4 2.1 0.2
1:9:30 Anilag9* 1.3 95.7 2.5 0.4

*The XPS detected < 0.1 % silicon which was obtained when scrapping out carbon material from
quartz tube. Error bar=+/- 0.1
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3.3.4 TGA analysis

Thermogravimetric analysis (TGA), coupled with a derivative curve of the
weight loss (DTG), is often used to investigate the thermal stability as well
as the composition and purity of carbons. It is an effective way to
guantitatively evaluate CNTs, in particular, the content of residual metal. It
Is easy to obtain the residual metal content using this technique by simply
oxidising the CNT samples in air. The TGA and corresponding DTG
curves of the carbon nanotubes are shown in Figure 3.9 and Figure 3.10
respectively. From the analysis it shows gradual weight loss for all
samples in the range from 100 — 370 °C. This weight loss is due to readily
removed volatile compounds, moisture, and adsorbed gas molecule [8,45].
There is no significant weight loss before 500 °C in the as-prepared CNTS,

thus ruling out the presence of a significant amount of amorphous carbon.
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Figure 3.9. TGA of the CNTs grown at 900 °C, 100 ml/min flow rate of nitrogen
with different ratios of FcH: Anl:Cyc

The material produced without aniline, Anily\O had the Ilowest

decomposition temperature of 553 °C, associated with the irregularities of

58



the stacking of graphene sheets. The decomposition temperatures for
Anily5 and Anily9 were 573 and 537 °C respectively. Anily5 had a better
thermal stability than Anily9. The thermal stability of the N-CNTs shifts to
slightly lower temperature as the nitrogen content increases. This is
credited to more structural disorder when the aniline in the mixture is
increased and hence the N content of the CNTSs. Increase in presence of
nitrogen atoms, create localized defects that are energetically less stable
than the pure carbon lattice [46]. About 20 % residue is due to the Fe

metal impurities as Fe,O3 from the ferrocene catalyst.
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Figure 3.10. Derivative graph (DTA) of the CNTs grown with different ratios of
FcH:Anl:Cyc. Synthesis conditions: 3g of ferrocene-anilline-cyclohexanol mixture.
Flow rate 100 mL/min, N, carrier gas, temp = 900 °C.

In order to purify the N-CNTs, Anily5 were stirred in 30 % nitric acid
(HNO3) solution for 2 h at 110 °C and then washed with distilled water.
TGA revealed that the residue decreased from 20 to 5 %. The remaining
residue might be due to the Fe particles that are located inside the tubes.

The stability of the Anily5 (HNOg3) material slightly increases from 573 to
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584 °C after the removal of the impurities. This improvement is attributed
to the removal of catalyst which is known to aid the oxidation of carbon.

3.3.4.1 Raman analysis of N-CNTs

The Raman spectra of the N-CNTs are shown in Figure 3.11 and three
peaks can be observed. The first peak around 1350 cm™ corresponds to
the disorder-induced band (D-band), the second peak around 1580 cm™
corresponds to the tangential mode (G-band) and the last peak G
occurring at 2700 cm™ is an overtone mode of the D-band. The l4/ly ratio
was used to investigate the extent of disorder in the graphitic carbon [40].
Table 3.4 shows the positioning of the G-and the D-bands, the 14/l4 ratio as
well as the nitrogen content for N-CNTs of the N-CNTs grown from the

different ratio of aniline to cyclohexanol.

The high lg/l4 of AnilyO was due to defects from unusual morphology with a
conical stacking of graphene sheets with intermittent hollow region. The
spectra show that the I4/lg ratio significantly increases with increasing
nitrogen content up to Anily5. In Anil\9, the 14/ly ratio was found to slightly
increase. These results suggest that increasing the aniline mass ratio in
mixture reduces the disorder of the carbon. There is a loss in ordering in
the graphene layers as more nitrogen is incorporated into the CNTSs.
These results are in agreement with TEM and TGA data. It is also
observed from the Raman data (Table 3.4) that increasing the N content
leads to down-shift of the D-band. The down-shift of D-band by 5 cm™ for
the N-CNTs indicates the appearance of new types of disorder in N-CNTs
relative to that of pure carbon material synthesised with same conditions.
The position of the G-band is also shifted. However, the G-band is not
related to the structural defects and a modification in the electronic
structure of CNTs with nitrogen doping could be the reason for the
observed shift [41].
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Figure 3.11. Raman spectra of the N-CNTs with different ratios of FcH:Anl:Cyc
(@) Anily5, (b) Anily9 and (c ) Anily0. Synthesis conditions: 3g of ferrocene-
anilline-cyclohexanol mixture. Flow rate 100 mL/min, N, carrier gas, temp = 900
°C.

Table 3.4. Raman data for the N- CNT

Sample N-content D-band G-band la/lg
(at. %) (cm™) (cm™)

Anily0 0 1350 1581 1.08

Anily5 0.8 1345 1572 0.56

Anily9 1.3 1345 1576 0.59

34 Conclusion

Nitrogen doped carbon nanotubes with nitrogen content of up to 1.3 at. %
were effectively produced using a two stage thermal CVD. Both carrier
gases, Argon/5% H; and N, contributed to production of N-CNTs when
aniline was introduced. The Argon/5% H; produced N-CNTs with smaller

tubes diameters in a range of 20 - 80 nm and lower yields when compared
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to N-CNTs produced with nitrogen carrier gas which showed better yields
with tubes diameters of 35 - 100 nm. The regular CNTs with hollow tube
where obtained at the temperature of 850 °C, while the N-CNTs were
obtained at 900 °C. The optimum parameters to obtain N-CNTs are when
nitrogen is used as a carrier gas at 900 °C. Even though the N-CNTs were
obtained it is not easy to control the synthesis due to compounds with
different vapour pressure. The next step of this series will be to deposit the

metal particles on the N-CNTs with specific focus on catalytic activity.
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CHAPTER 4

THE EFFECT OF MICROWAVE IRRADIATION ON THE
SYNTHESIS OF RUTHENIUM/NITROGEN-DOPED CARBON
NANOTUBES

4.1 Introduction

Advances in the catalysis field have shown that nanoparticles with
nanostructured surfaces as compared to larger particles enhance the
catalytic activity in most reactions [1,2]. The challenges for catalyst
improvement are the design of structural factors such as morphology,
nanoparticle size and metal inter-particle distance [3].

Intensive research has been conducted in order to develop new catalyst
supports which can modify the catalytic activity and the selectivity of a
catalytically active phase. The interaction of nanoparticles with a support
plays an important role in the design of the catalyst [4]. Carbon based
nanostructures (e.g. carbon nanotubes, carbon spheres, carbon fibers,
etc.) have been found to be good supports for metal nanoparticles [4,5].
Studies have shown that doping carbon nanostructures with nitrogen
generates n-type semi conductors, which have greater electron mobility
than the corresponding undoped carbon nanostructures [6,7,8]. Nitrogen
introduces chemically active sites that are required for anchoring of
nanoparticles during deposition [9]. Therefore, it is proposed that the
improved catalytic activity of nitrogen containing carbon nanostructures is
due to the higher dispersion of metals and good interaction between the
support and the metal particles [10]. In addition, nitrogen is able to
generate defects on carbon, which increases the edge plane exposure

and as a result enhances the catalytic activity [11].
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The dispersion of a metal on a support is still largely based on
conventional catalyst preparation techniques, such as wet impregnation
followed by chemical reduction. These approaches often lack fine control
of structural factors. In addition, use of these processes can be time
consuming since they include multiple steps such as long ageing, drying
and calcination of the samples. Hence, there is an interest in using
alternative techniques to synthesise a catalyst using microwave irradiation
[12,13]. In this chapter, we report on the deposition on ruthenium (Ru)
nanoparticles on nitrogen doped carbon nanotubes (N-CNTs) using a

microwave polyol assisted deposition method.

4.2 Experimental

4.2.1 Materials and Reagents

RuCls.xH,0, ethylene glycol (EG), HNO3z and pristine CNTs with inner
diameter of 5-10 nm and outer diameter of 40 - 80 nm were obtained from
Sigma Aldrich. Pristine CNTs were functionalised with 30 % HNOj3; at
110°C for 2 h and dried in an oven at 110°C for overnight.

4.2.2 N-CNT synthesis using thermal-chemical vapour
deposition (CVD)

N-CNTs were synthesised using a thermal-CVD method in a horizontal
split-tube furnace. The reactions were carried out in a tubular quartz
reactor (800 X 28 mm). Cyclohexanol was used as carbon source, aniline
as a nitrogen source and ferrocene as catalyst. A mixture of cyclohexanol-
aniline-ferrocene in a 1:5:34 ratio was placed in a quartz boat (120 mm X
15 mm) that was directly introduced into the centre of the first furnace and
vaporised at 280°C. The resultant vapours were transferred to the second
furnace where the N-CNTs were grown at a temperature of 900°C under
the nitrogen carrier gas flow. The gas flow rate of 100 mL/min measured
with  MKS mass flow controller (Multi gas controller 647C). The
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temperature inside the furnaces determined by means of a thermocouple
positioned in the middle of the furnace. The reaction was maintained until
there was no longer vapour visible in the tube (ca. 6 min). The furnace
was then cooled down under the carrier gas atmosphere. The black soot
was then collected from the inner wall of the quartz tube. The soot was
then purified and functionalised with 30 % HNOS3 at 110°C for 2 h and was

dried in an oven at 110°C overnight.

4.2.3 Deposition of Ru nanoparticles on CNTs

Ru nanoparticles were deposited on acid functionalised CNTs and
N-CNTs using both microwave assisted polyol and conventional reflux
polyol methods. In a microwave teflon vessel, 50 mg of CNTs and 10 mg
RuCl3.xH,O were mixed with 80 ml ethylene glycol (EG) and sonicated for
10 min to afford a homogenous suspension. The suspension was then
placed in a microwave reactor (Anton-Paar Multiwave 3000). The
microwave composed of internal temperature sensor, which is able to
measure the temperature of individual vessel. The suspension was heated
to 200°C and kept at the temperature for 5 min at various power settings:
350, 500, 800 and 1000 W. When the vessels reach the set temperature
the power switched off and it switches on if the temperature decreases till
end of 5 min. For conventional method, the same, RuCl;.xH,O/CNTs/EG
mixture described above (50 mg of CNTs, 10 mg RuClz.xH,O and 80 ml
ethylene glycol) was placed in a conical flask and refluxed in an oil bath,
while stirring for 24 h at 200°C at atmospheric pressure. The colour of the
mixture changed from brown to clear solution. After the reactions the
resulting suspensions, from both microwave and conventional heated
reactions were filtered and the residue was washed with 50 mL acetone

and then with 200 mL deionised water and dried at 110°C overnight.
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4.2.4 Characterisation

Transmission electron microscopy (TEM) analysis was performed by using
a JEOL2100 microscope with beam energy of 200 kV. TEM was used to
analyse the particle size and morphology of the as-prepared CNTs. The
samples for analysis were prepared by sonicating about 0.5 mg of CNTs in
5 ml methanol for 5 min. One drop of the resulting suspension was
dropped on a copper grid. Raman spectra were collected before and after
synthesis using a Horiba Jobin Yvon T64000 Raman spectrometer. The
spectra was recorded from 150 - 3000 cm™ with a 514.5 nm excitation with
energy setting 1.2 mW from a Coherent Innova model 308 Ar-ion laser in
measured backscattering geometry with a cooled charge-coupled device
array detector. The morphology of the CNTs was evaluated using a LEO
1525 FE-SEM. The SEM was equipped with an energy dispersive
spectroscopy (EDS) facility, which was used for elemental analysis of the
CNTs. XRD patterns were collected in air at room temperature on a X'Pert
Pro PANalytical X-ray diffractometer using Cu Ka radiation (A = 0.15418)
in the 208 range of 10 to 80 ° with a scanning rate of 5 °. Thermal analyses
were performed by simultaneous thermogravimetric-differential procedures
using a TA Q500 thermal instrument. CNT samples (5 mg) were analysed
in platinum pans at a heating rate of 10 °C/min to 950 °C in an atmosphere

of air flowing at 50 mL/min.
4.3 Results and discussion

Nitrogen doped CNTs were synthesised according to the procedure
outined in the experimental section 4.2.2. A mixture of
cyclohexanol-aniline-ferrocene in a 1:5:34 ratio was used due to higher
yield, thermal stability and better quality as compared to other ratios. The
material was washed with acid (HNO3) prior to characterisation to remove

the impurities and add to fuctional groups.
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4.3.1 SEMand TEM analysis of CNTs

Figure 4.1a shows the SEM images of pristine CNTs. The acid-
functionalised MWCNTs were entangled together because of their high
surface area and the van der Waals attraction between them [14,15]. The
TEM (Figure 4.1b) shows the CNT with a hollow tube and crystalline
layers. The pristine CNTs have an outer diameter of 20 - 80 nm and inner

diameter ranged between 7 - 15 nm.

Figure 4.1. SEM and TEM images of the pristine CNTs

The EDS was used to determine elemental composition of the CNTs
material as shown in Figure 4.2. Carbon, Molybdenum and Magnesium
were identified. The carbon is from the CNTs, Mo and Mg might be due to
the catalyst used for the growth of the CNTSs.
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Figure 4.2. EDS of the CNTs

4.3.2 Raman of CNTs

Raman spectroscopy was used to measure the graphitisation and the
degree of defect formation (Figure 4.3). The CNTs show the disorder peak
around 1350 cm™ corresponding to a D-band and a G-vibration modes
peak at 1580 cm™.
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Figure 4.3. Raman spectrum of the functionalised CNTs
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The D-band is attributed to the disorder-induced feature due to the lattice
distortion, while the G-band originates from the in plane stretching
vibration E;q mode of a single crystal graphite structure [16].The peak at
2702 cm™ represents the second order G’ band, an overtone mode of the
D-band which correspond to two-phonon processes and its appearance
does not relate to disorder [17]. There was no signature of RBM at lower
frequencies which implies that there were no SWCNTSs in the material. The
low Ip/lg ratio of 0.15, an indicator of structural disorder in CNTs indicates
that the MWCNTs are of high quality, with few defects and high
crystalinity.

4.3.3 TEM analysis of RU/CNTs

The TEM analysis of the Ru/CNTs prepared using different microwave
power settings is shown in Figure 4.4. The images show the effect of
microwave power on a series of samples that were prepared by heating
the CNTs and Ru solutions to 200 °C at power 350, 500, 800 and 1000 W
respectively. As the power was increased above 500 W, the particles
formed agglomerates with an uneven distribution. Moreover, there are
large agglomerates of nanoparticles separated from the Ru-decorated
CNTs, indicating that some of the reduction reactions randomly occurred
throughout the EG suspension. At a power setting of 350 W the particles
were not homogenously dispersed on the surface of the CNTs. After the
reduction of ruthenium chloride in EG solution, at power setting of 500 W
was found to be optimum as it gave ultra-fine metallic Ru nanoparticles
homogenously dispersed on the surface of the CNTs with diameter
ranging from 5 — 8 nm (Figure 4.4b). The time to reach the 200 °C was
decreasing with power increase; the time to reach 350, 500, 800 and 1000
W was 25, 17, 9 and 6 min respectively.
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Figure 4.4. TEM images of RU/CNTs prepared at different microwave power
settings. (a) 350 W; (b) 500 W; (c) 800 W; (d) 1000 W. Synthesis conditions: EG
80 ml, t= 200 °C.

The agglomeration of the particles is attributed to the rapid heating rate of
the reaction solution, which does not provide sufficient time for the
reduction of the metal ions when high power is used. In addition, it was

difficult to determine the size of particles prepared at high power.

The Ru particle size distribution histogram of the Ru/CNTs is shown in
Figure 4.5. The histogram was done by counting 250 particles on TEM
photograph. The average diameter of the Ru particles on CNTs is 6.2 nm

when the power setting of 500 W was used.
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Figure 4.5. Particle size distribution histogram of Ru/CNTs prepared with 500 W.

4.3.4 XRD of Ru/CNTs

The XRD patterns of the Ru on CNTs are shown Figure 4.6. The
diffraction peaks at around 20 = 26°, 54° and 78° are associated with the
(002), (004) and (110) planes of carbon [18,19,20]. The other four peaks
at 26 of about 38°, 43°, 59° and 69° are characteristics of the hexagonal
crystalline Ru. The Ru crystallite sizes were determined using the Scherrer
equation and the line broadening of the peak at 26 = 38° since it

corresponds to the Ru most intense peak.

Using the Scherrer equation,

_ 0.89 4
L Cos 6

where D is the average crystallite size, A is the wavelength (0.154 nm), 3
is the full width at half maximum, and 6 is the Bragg diffraction angle. The
crystallite size of Ru could be estimated to be 6.5 nm [21]. However, the
considerable broadening and overlapping of diffraction peaks from
different components make it difficult to calculate the size of other

ruthenium nanoparticles from the XRD profile of Ru-decorated CNTs.
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Figure 4.6. XRD patterns of pristine CNTs (a) and (b) Ru-CNTs prepared at
500W.

4.3.5 SEM and TEM analysis of N-CNTs

SEM image of the N-CNTs with outer diameter of 30-100 nm and length of
13 um are shown in Figure 4.7a. The TEM image of N-CNTs, Figure 4.7b
exhibits the typical ‘bamboo like’ compartments which are promoted by the
presence of nitrogen [22,23].

Figure 4.7. SEM and TEM images of N-CNTs
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4.3.6 Raman of N-CNTs

The N-CNTs produced were subjected to 30 % HNOj3 treatment to remove
the Fe particles and other impurities. The Raman spectra of the purified
and as-prepared N-CNTs are shown in Figure 4.8 and three main peaks
can be observed. The first peak at 1350 cm™ corresponds to the
disorder-induced band (D-band), the second peak at ~ 1590 cm™
corresponds to the tangential mode (G-band) and the last peak G

occurring at ~ 2700 cm™ is an overtone mode of the D-band [24].

After acid treatment, a significant increase in the intensity of a D-band can
be observed in Raman spectra in Figure 4.8 lg/ly ratio of acid-treated
N-CNTs of 0.63 in comparison with 0.52 ratio of the untreated N-CNTSs.
This suggests the two-dimensional graphitization is altered to a more
disordered structure due to the damage of the wall when amorphous
material is removed as the walls reacted with acid group.
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Figure 4.8. Raman of N-CNTs before and after treatment with 30 % HNO:s.
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4.3.7 TGA of N-CNTs

Different structural forms of carbon exhibit different thermal oxidation
behaviour. The presence of structural imperfections (defects or impurities)
in the CNTs can lead to a decrease in the oxidative stability of these
materials. These defects sites become more reactive to oxygen at

elevated temperatures [25].

A TGA and DTG graph (insets) for the as-prepared and acid treated
N-CNTs are presented in Figure 4.9. For as-prepared N-CNTs, two
combustion regions are observed which correspond to two stepwise
weight losses. The initial combustion around 350 °C was due to the
oxidation of amorphous carbon and the second due to the combustion of
CNTs at about 537 °C [26].

—— N-CNTs/HNO,
—— N-CNTs

100

80 +

60 —

0.84

Wt %

40 4

—— N-CNTs

—— N-CNTs/(HNO.
0.4 ( &)

Der. mass/wt%/ °C

20 + 0.0

T T T T
0 200 400 600 800
Temp °C

0 T T T
0 200 400 600 800

Temp °C

Figure 4.9. TGA of N-CNTs before and after treatment with 30 % HNOs. Insets:
DTG profile
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Results also showed that there was a removal of impurities by the acid
with a slight increase of thermal stability of 584 °C. The lower
decomposition before acid treatment was because the presence of iron
catalyses the oxidation of the CNTs.There was less than 10 wt. % residue
left after treatment with acid; initially there was 20 wt. % impurities. The
remaining residue might be the Fe,O3; metal particles trapped inside the

tubes which are not easy to remove.
4.3.8 TEM of microwave and conventional method Ru/N  -CNTs

Figure 4.10 and Figure 4.11 shows the TEM micrographs, histogram and
the selected area electron diffraction (SAED) patterns (insets) of the Ru
deposited on the N-CNTSs.

10

Count number
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/.

0
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Figure 4.10. TEM images and histogram of Ru deposited on N-CNTs using
microwave irradiation.
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The SAED of nanoparticles shows continuous rings corresponding to the
semicrystalline CNTSs, collectively with some spots, which are due to the

characteristics of a crystalline hexagonal Ru.
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Figure 4.11. TEM images and histogram of Ru deposited on N-CNTs using
conventional heating.

It is clear from the TEM image that homogenously highly dispersed
particles were attached to the surface of the support with narrow size
distribution ranging from 2 - 4 nm when microwave heating was used.
Conventional heating also gave a good dispersion of Ru particles with a
slightly bigger particle size distribution of 2 - 4.5 nm and with formation of

minor metal aggregates. The average particle sizes derived from the TEM

80



images are 3 nm for microwave irradiation and 3.5 nm for conventional

heating.

Microwave is operated under pressure. Therefore, its process is faster in
comparison to conventional heating. It is accepted that the rate of
reduction determines the size of the metal particle. These contribute to
smaller particles without clusters. The high dielectric constant of EG also
contributed to the rapid heating under microwave irradiation [13,27,28]. At
the same time, good dispersion is due to the contribution of the nitrogen
atoms on the network structure of the nanotubes. Nitrogen atoms entering
the graphene sheets as substitutes for carbon modify the adsorption
strength of the nanotube towards foreign elements which in turn, will
greatly modify the overall catalytic activity as well as catalytic selectivity
[18,29].

4.3.9 XRD of Ru/N-CNTs

The XRD was used to determine the presence of Ru particles for both
conventional and microwave prepared RuU/N-CNTs (Figure 4.12 and
Figure 4.11). The XRD pattern of N-CNTs only shows the diffraction lines
of carbon at 28 = 26.6°, 54.2° and 78.1° which corresponds to (002), (004)
and (110) plane [30]. The pattern looks similar as that of the Ru/N-CNT
XRD pattern. This suggests that the sizes of the metallic Ru formed are
below 4 nm or their crystal planes have becomes broader [31,32]. The
average crystallite size for the Ru/N-CNT catalyst could not be measured
using XRD possibly because the crystallite size in this catalyst is below the
detection limit of the XRD. Or else, three reflections at around
20 = 38°(100), 42°(002), and 43° (101) assigned to the hexagonal
structure of ruthenium are overlapped by the diffraction peaks of carbon at
43°.
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Figure 4.12. X-ray diffraction patterns for (a) N-CNTs, (b) 5Ru/N-CNTs
(Conventional) and (c) Ru/N-CNTs (microwave)

The presence of Ru in the bulk of the catalyst was confirmed by EDS as
presented in Figure 4.12. The Fe detected was due to the residue left
during growth of the N-CNTs. Peak at 20 of 33 and 49° indicated the

presence of hematite (Fe,O3) phase [33].

60 Counts

Figure 4.13. X-ray energy dispersive spectrum of 5RuU/N-CNTs.
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4.4 Conclusions

The microwave-assisted reaction of RuCl; and CNTs in EG has promoted
the formation and homogenous dispersion of Ru nanoparticles with very
narrow size distribution and small particle size with an average diameter of
2.5, 3 and 6.2 nm for N-CNTs prepared with microwave, conventional
heating and for pristine CNTs respectively. Microwave irradiation is faster
and more efficient than the conventional heating as the conventional
heating produced particles slightly bigger and fewer clusters are formed.
The sizes of nanoparticles were optimized by varying the microwave
heating power and conventional heating time. In conclusion N-CNTs are

excellent supports when coupled with an efficient method of deposition.
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Section B: PART A

The catalyst performance in oxygen reaction
reduction (ORR)
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CHAPTER 5

RU SUPPORTED ON NITROGEN-DOPED CARBON
NANOTUBES FOR THE OXYGEN REDUCTION REACTION
IN ALKALINE MEDIA

51 Introduction

The study of fuel cells is dominated by their potential for use in portable,
transport and stationary power supplies [1,2,3]. A fuel cell is a galvanic
cell, in which a free energy of a chemical reaction is converted into
electrical energy via an electric current. Fuel cells are mostly classified by
the electrolyte used in the cell with an exception to direct methanol fuel
cell (DMFC). In the DMFC methanol is electrochemically oxidised directly
in the fuel cell. Fuel cell can also grouped by the operating temperature
used; low temperature cells operate < 500 °C and high temperature cells
operate from 500 - 1000 °C (Table 5.1) [4,5].

Table 5.1. The types of fuel cells

Low temperature
Alkaline fuel cells (AFC)
Proton exchange membrane fuell cells (PEMFC)
direct methanol fuel cell (DMFC)
Phosphoric acid fuel cell (PAFC)

High temperature
Molten carbonate fuel cell (MCFC)
Solid oxide fuel cell (SOFC)
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Fuel cell consists of anode where the hydrogen reaction occurs and a

cathode where the oxygen reduction occurs [6]. Figure 5.1 shows a typical
hydrogen/oxygen fuel cell.

Electron —2 =
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T Load
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Overall: 0.+ H; — 2H,0

Figure 5.1. Diagram showing the fundamentals of a fuel cell [6]

The oxygen reduction reaction (ORR) at the cathode in the fuel cells plays
an important role in controlling the performance of a fuel cell but the poor
kinetics of the ORR hinders this performance. The catalytic ORR has
attracted increasing attention in alkaline media due to faster kinetics than
found in acidic media [3,7,8,9,10]. Another benefit is the improved
materials stability afforded by the use of alkaline electrolytes. Very few
electrode materials are stable in strongly acidic conditions, especially

under the strongly oxidizing conditions found at oxygen cathodes. On the
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contrary, a wider range of materials is stable in alkaline solutions,

including some less expensive materials [11].

In alkaline media, the ORR proceeds by two different pathways: the
oxygen within the solution can diffuse to the surface of the electrode and

react to form a hydroxyl ion through a four-electron reaction,

O, + 2H,0 + 4" <> 40H" 1)

The reaction can also produce H,O, through a less efficient two-electron
transfer pathway as illustrated in reactions (2) to (4). The oxygen is first
reduced to H,O, (as HOy),

Oz + H,0 + 2e” <> HO, + OH" ()

and followed by reaction

HO, + H,0 +2¢ «>30H" (3)

or the decomposition reaction

2HO, «» 20H + O, (4)

The H,0, is responsible for the deterioration of electrode performance
over time as it destroys the active sites. H,O, also produces the reactive
intermediates that can further convert to harmful free radical species
[7,12,13,14,15,16,17].

Currently platinum-based metals are the best electrocatalysts for ORR.
However, due to the high cost of platinum, the large-scale synthesis and
commercialisation of this electrocatalyst is problematic [3,18,19,20,21]

Apart from its high cost, the Pt-based electrode also suffers from its
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susceptibility to time dependent drift and CO deactivation and it is
unselective [15]. For these reasons many research groups are developing
non-platinum electrocatalysts that are more active, stable, and more
economical [18,19,22]. This includes the development of a catalyst that
can enhance effectiveness and reduce the required metal loading, and the
use of a support that can increase efficiency and electrocatalytic use [23].
The support chosen for the catalyst plays an important role in fuel cell
performance owing to metal support interactions and the surface reactivity
[24. Recently, several researchers have shown that nitrogen modified
carbon nanotubes (CNTs) are good electrocatalyst supports and that they
enhance the electrocatalytic activity for the ORR [3,18,20,25,26].

Model simulations have shown that nitrogen incorporation on the CNTs
provides an additional valence electron that could improve the electron
donation process of graphite to oxygen, enhancing the oxygen reduction
reaction efficiency [3]. The nitrogen modified CNTs are conventionally
synthesised by chemical vapour deposition (CVD), laser ablation and arc
discharge. The CVD method is the most commercially viable technique
used to synthesise N-CNTs. This method has the advantage of high
yields, and controllable growth conditions and reveals that scalability is not
a problem [27]. When this support is used, generally well-dispersed metal
nanoparticles with a small size distribution can be achieved [23]. The
catalyst preparation conditions affect the size and the distribution of
particles on the support [28,29]. A microwave-assisted polyol reduction
technique shows promise for preparation of the nanoparticles on a
support. Microwave irradiation allows uniform heating of metal precursors
to a high temperature within a few seconds, leading to shorter
crystallization times and more homogenous nucleation when compared to

conventional preparation methods [30,31].

Due to the influence of N-CNTS on the ORR activities [32,33], in this study
the N-CNTS have been used as support for Ru nanoparticles for
improvement of the ORR activity in alkaline medium. Ruthenium as metal
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electrode is known to predominately catalyse ORR to H,O, rather than to
H,O [12].

The use of nitrogen modified CNTs as a support for Ru nanopatrticles for
the ORR in alkaline media has not been reported previously. In this
chapter N-CNTs were synthesised using CVD and used as a support
material for a Ru nanocatalyst. The ORR in alkaline medium was then
investigated after deposition of different loadings of Ru on N-CNTs by the
microwave method. These nanocatalysts showed promising results

towards ORR in alkaline medium.

5.2 Experimental

5.2.1 Materials and Reagents

Cyclohexanol, ferrocene, aniline, RuCls.xH,O, ethylene glycol (EG), HNOs3,
nafion solution, and KOH, all analytical grade, were obtained from Sigma
Aldrich. The N-CNTs used, with inner diameters of 5 - 10 nm and outer

diameters of 30 -100 nm, were synthesised in-house (Chapter 3).

5.2.2 Synthesis of N-CNTs Synthesis

N-CNTs were synthesised using a CVD process involving a two stage
furnace with cyclohexanol as the carbon source, aniline as the nitrogen
source, and ferrocene as the catalyst. A mixture of ferrocene-anilline-
cyclohexanol in 1:5:34 ratio (3 g) was placed in a quartz boat and directly
introduced in the centre of the first furnace and vaporised at 280 °C. The
resultant vapours were transferred to the second furnace where the N-
CNTs were grown at a temperature of 900 °C under a nitrogen flow. The
reaction was maintained at 900 °C until there was no reactant left in the
tube. The furnaces were switched off and cooled down under the inert gas
atmosphere. The black soot of about (ca 450 mg) was then collected from
the inner wall of the quartz tube for characterisation. The collected
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material was treated with 30 % (v/v) HNO3 at 110 °C for 2 h, washed with
acetone, then water, and was then dried in an oven at 110 °C overnight.

5.2.3 Preparation of Ru Nanocatalysts Supported on N-CNTs

Ru nanoparticles were deposited on N-CNTs using microwave assisted
polyol methods. In a microwave teflon vessel, 50 mg N-CNTs and (2, 5
and 10 mg) RuCl3.xH,O were mixed with 80 mL EG and sonicated for 10
min to afford a homogenous suspension. Ru/N-CNT samples were thus
made with different wt. % of Ru on N-CNTs and the samples were named
according to the amount of Ru expected viz. 2Ru/N-CNTs, 5Ru/N-CNTSs,
10RuU/N-CNTs. The suspension was then placed in a microwave reactor
(Anton-Paar Multiwave 3000). The suspension was heated to 200 °C and
kept at this temperature for 5 min at 500 W. The resulting suspension was
filtered and the residue was washed with 20 mL acetone, then with 50 mL

deionised water and dried at 110 °C overnight.

5.2.4 Characterization of Ru/N-CNTs Nanocatalysts

The transmission electron microscopy (TEM) analysis was performed
using a JEOL 2100 microscope with beam energies of 200 kV. TEM was
used to analyse the particle size and distribution of the prepared catalysts.
The presence of the amorphous carbon and residual catalyst particles on
the N-CNTs was also observed with the TEM technique. The samples for
TEM analysis were prepared by sonicating about 0.5 mg of CNTs in 5 mL
methanol for 5 min. A drop of the suspension was cast onto the carbon
film covered Cu grid for analysis. The morphology of the N-CNTs was
observed using a LEO 1525 FE-SEM. The scanning electron microscope
(SEM) was equipped with energy dispersive spectroscopy (EDS)
attachment, which was used for elemental analysis. The amount of Ru
supported on the N-CNTs was quantified using inductively coupling
plasma (ICP) spectroscopy (Spectro-Acros). A PANalytical X’PERT-PRO

diffractometer with a Cu-Ka (A =0.15405 nm) radiation source operated at
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40 kV and 50 mA at 0.026 step size was utilized to study the crystallinity of
the prepared catalysts.

5.2.5 Electrocatalytic Evaluation of Ru/N-CNTs Nano  catalysts

A nanocatalyst ink was prepared by ultrasonically dispersing 0.025 g of
the nanocatalyst powder in 2.5 mL deionized water to which 0.25 mL of 5
wt% Nafion solution was added. After 30 min, 2 pL of the ink was pipetted
onto a polished glassy carbon (GC) disk electrode with an area of 0.0314
cm?, air dried for 30 min, and then heated at 95 °C for 15 min to remove
the solvents. The electrocatalytic activity of as prepared catalyst for
oxygen reduction was performed in a 0.5 M KOH oxygen saturated
solution using a standard three-electrochemical cell at 25 °C. The cell was
composed of a double junction Ag/AgCI reference electrode, platinum rod
as counter electrode and glassy carbon modified with the catalyst as the
working electrode. The potential of the working electrode was varied from -
1.0 to 0.2 V vs. Ag/AgClI with a potential sweep rate of 10 mV/s. Using an
Autolab potentiostat PGSTAT 302 (Eco Chemie, Utrecht, Netherlands)
driven by General Purpose Electrochemical Systems data processing
software (GPES) and FRA software version 4.9. Electrocatalytic activity
was assessed using a rotating disk electrode (RDE) at different speed
rotations. The solution was purged through the cell with nitrogen gas
(99.99 %, Air Liquide) for 60 min and thereafter it was saturated with
oxygen (99.99%, Air Liquide). All solutions were prepared with deionised
water of resistivity not less than 18.2 MQ cm.
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53 Results and discussion
5.3.1 Structural characterization

Figure 5.2 shows the SEM and TEM images of the N-CNTs produced by
the CVD method. The TEM images in different spots were used to
estimate the average percentage of N-CNTs and armophous carbon in
bulk material. The material produced was composed of an average of 90

% N-CNTs and 10 % amorphous carbon.

Figure 5.2. (a) Scanning electron microscope image of the N-CNTs, (b) and (c)
high-resolution transmission electron microscope images of the N-CNTs at two

different magnifications
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The diameters of the tubes were in the range 30 - 100 nm with
approximate lengths of 17 um. The TEM image displays the characteristic
bamboo-like morphology of N-CNTs commonly reported in the literature
[26,34].

The formation of the compartment resulted from the pentagon structures in
the graphite network due to the presence of nitrogen [20]. Nitrogen
incorporated in the graphite network is not only important for the ORR
activity but also for the attachment of the metal particles to the surface of
the support. The nitrogen atom has an extra electron compared to carbon
and the surface of the N-CNTs is expected to be more electronegative
than the CNT surface [30]. This results in N-CNTs possessing high surface
nucleation sites, which allow for the anchorage and high dispersion of the
metal active phase on the support surface. The Ru/N-CNT catalysts were
prepared using the polyol method in a microwave oven. The advantage of
the microwave technique is that the resulting Ru nanoparticle size is small

and the distribution is narrow and uniform.

The TEM images of the 2 - 10 wt. % Ru deposited on N-CNTs and the
selected area electron diffraction (SAED) pattern (insets) are shown in
Figure 5.2. The SAED of nanoparticles shows continuous rings
corresponding to the semicrystalline CNTs, collectively with some spots,
which are due to the characteristics of a crystaline Ru hexagonal
structure. It follows from Stoe & Cie [35], (IPDS Software) that the lattice
spacing 2.08 A corresponds to the (101), and the lattice spacing 1.24 A is
diffraction line of (103) Ru. While 3.43 A is due to the (002) carbon plane.
Selected areas of the SAED electron diffraction patterns in Fig 5.3 confirm

the presence of hexagonal Ru phase and carbon.
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TEM images reveal a good dispersion of nanoparticles on the surface of
the N-CNTs which could be attributed to the combination of preparation
technique and the active sites created by nitrogen doping [36,25].
Although the metal loading varied from 2 - 10 wt. % the particle sizes were
between 2 - 4 nm for all the loadings. The histograms express a slight shift
of particle sizes to a bigger particle size with the increase in Ru loading.
The Ru nanoparticles show the mean sizes of 2.9 (Figure 5.3a), 3.0
(Figure 5.3b) and 3.3 nm (Figure 5.3c) for 2, 5, and 10 wt. % loading,
respectively. Moreover, Ru particles on the wall surface of the N-CNTs
also increased with the increase of the loading. ICP was used to
determine the amount of metals in the material (Table 5.2). The Fe (< 0.2
%) is due to the catalyst, formed from ferrocene. The Ru loading obtained

from ICP agrees with the loading used in the preparation method.

Table 5.2. Metal loading on the N-CNTs obtained using ICP

Catalyst Ru loading Fe %
wt.%
2RU/N-CNTs 2.13 <0.2
5Ru/N-CNTs 5.20 <0.2
10RU/N-CNTs 9.97 <0.2
Error=0.1

XRD was used to determine the crystalline nature of the catalyst as shown
in Figure 5.4. The XRD pattern only shows the diffraction lines of carbon at
20 = 26.6°, 54.2° and 78.1° which corresponds to (002), (004) and (110)
plane. The spectra looked the same irrespective of the amount of Ru
deposited on the N-CNTs; no signals were observed for Ru due to the
small size of the metallic Ru formed (below 4 nm) [37]. The sizes of the
ruthenium particles are very small and are outside the detection limit of the
diffractometer. XRD detects the sizes above 4 nm. Moreover, there is little

amount of ruthenium on N-CNTs. The combination of small amount and
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small size of Ru particles contributed to no signal. Further, the Ru (101) is

approximately at 26 = 43 and it overlaps with the C peak [38].

— N-CNTs
2RU/N-CNTs
—— BRU/N-CNTs

—— 10RuU/N-CNTs

Intensity

20 40 60 80
20

Figure 5.4. X-ray diffraction patterns for (a) N-CNTs, (b) 2Ru/N-CNTs
(c) 5RuU/N-CNTs and (d) 10Ru/N-CNTs

The presence of Ru in the bulk of the catalyst was confirmed by EDS as

presented in Figure 5.5.
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Figure 5.5. X-ray energy dispersive spectrum of 5Ru/N-CNTs
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5.3.2 Electrochemical Evaluation

Cyclic voltammograms (CV) measured for glassy carbon, N-CNTs,
2RU/N-CNTs, 5Ru/N-CNTs and 10Ru/N-CNTs in nitrogen, are shown in
Figure 5.6.

£

o 2

z

< o 7

g 2

=

S L]

5 —— N-CNTs

© — 10RU/N-CNTs
61 5RU/N-CNTs

—— 2RU/N-CNTs

-8 Glassy Carbon

T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential V vs Ag/AgCl

Figure 5.6. Cyclic voltammograms of the RuU/N-CNT catalysts in nitrogen
saturated 0.5 M KOH solution. Scan rate 10 mV/s.

The CV data gave the expected signatures of Ru in alkaline medium.
There are no signals from the glassy carbon which confirms that there is
no activity from the glassy carbon. There are also no clear redox features
observed with the N-CNTs which suggest that any metal catalyst residue
that remained from the CVD synthesis had no effect on the activity of Ru
[19]. The current density of the Ru/N-CNTs increased with an increase in
Ru content.

5.3.3 Oxygen reduction reaction

Rotating Disk Electrode (RDE) experiments were conducted at six different
rotation speeds: 500, 1000, 1500, 2000, 2500, and 3000 rpm in alkaline
medium. The activity of the prepared N-CNTs towards the reduction of
oxygen in alkaline electrolyte was compared to that of commercial CNTs
without N using the onset potential at 1500 rpm. The onset potential of

commercial CNTs was more negative at -0.184 V while that of N-CNTs
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was more positive at -0.144 V thus indicating improved ORR kinetics on N-
CNTs than on the commercial CNTs. For this reason the study focused on
the activity of a range of Ru/N-CNTs materials. Figure 5.7 compares the
linear sweep voltammetry (LSV) data for the N-CNTs, 2Ru/N-CNTs,
5RU/N-CNTs and 10Ru/N-CNTs in an oxygen saturated solution at 1500
rpm. The addition of Ru on the N-CNTSs slightly shifted the onset potential
to more positive values. The glassy carbon current density was close to 0
mA/cm? which confirms that glassy carbon is not contributing to the activity
in ORR. The current density of 3.57 mA/cm? was observed for the
N-CNTs. A current density plateau was attained when the Ru loading on
the N-CNTs was between 2 and 10 wt %. All the catalysts were active
towards the ORR in alkaline electrolyte. The current density was higher at
8.03 mA/cm? on 2Ru/N-CNTs and decreased to 7.53 and 4.79 mA/cm? for
5RuU/N-CNTs and 10Ru/N-CNTSs, respectively.

- /

— N-CNTs
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5RuU/N-CNTs

— 10Ru/N-CNTs
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Current Density (mA/cmz)

T T
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Potential V vs Ag/AgCl

Figure 5.7. Rotating disk electrode (RDE) linear sweep voltammograms of the
RU/N-CNT catalysts in oxygen-saturated 0.5 M KOH solution. Scan rate 10 mV/s
at 1500 rpm.

The diffusion limitation of oxygen from the electrolyte to the electrode
surface area played a role in the system. The decrease in the current

density with an increase in Ru content suggested that besides the external
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diffusion limitation of oxygen from the bulk electrolyte to the electrode
surface, a second mass transfer limitation within the catalyst layer is
involved. This mass transfer within the catalyst layer, results in a higher

hindrance effect with an increase in Ru loading [39].

Figure 5.8 shows the potentiodynamic ORR curves and the polarisation
curves of the prepared nanocatalysts at different rotation rates (500 - 3000
rpom). Three distinct characteristic regions of ORR processes that take
place on the surface of the catalyst can be seen: 1) the kinetic region
(E > -0.25), where the current is independent of the rotation velocity; 2) the
mixed control region (-0.45< E < -0.25), where kinetics and the diffusion
processes determine the behaviour; 3) the mass transfer region
(E < -0.45), where the diffusion current is a function of the rotation velocity
[9,40]. The cathodic current increase is due to the increase of the oxygen
available at the surface of the electrode due to the rotation. The current
density increased with an increase in the rotation speed; and the onset

potential remained the same for all rotations.

The (Koutecky—Levich) K-L plots obtained from the polarisation curves
were used to calculate the number of electrons exchanged per oxygen
molecule. The first-order Koutecky—Levich expression, shown below, was

used:

+— 5)

where iy is the kinetic current density, i the observed current density and igq
is the diffusion limiting current density controlled by the mass transfer of

oxygen in the solution as expressed in equation 6:

L =i = 021nFD,, 40 75C, w2 (6)

102



where n is the number of electrons transferred, F is the Faraday constant
(96485 C mol™), Do is the diffusion coefficient of O, (1.68 x 10° cm?.s™)
[7], o is the kinematic viscosity of the electrolyte solution
(1.1 x 10? cm?s™), Co is the dissolved oxygen concentration in the
electrolyte solution (1.031 x 10 mol.L™) and w is the rotation rate in rpm
[7,10,41,42].
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Figure 5.8. Rotating disk electrode (RDE) polarization curves at different rotation
rates for (a) N-CNTSs), (b) 2RU/CNTSs, (c) 5Ru/N-CNTs, and (d) 10 Ru/N-CNTs

The K-L plots of the N-CNTs, 2Ru/N-CNTs, 5Ru/N-CNTs and
10RuU/N-CNTs samples are shown in Figure 5.9. They all have similar

slopes which is an indication of first-order reaction kinetics for the ORR
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[41]. The linearity of the K-L slope also shows that the reaction order was
unity for the electrode with respect to O, [43].
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Figure 5.9. Koutecky-Levich plots for: (a) N-CNT, (b) 2Ru/CNT, (c) 5Ru/N-CNT,
and (d) 10Ru/N-CNT.

From the slope of the K-L equation, and using equation 6, the number of
electrons transferred per oxygen molecule was calculated (Table 5.3).
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Table 5.3. Summary of the important activity indicator of ORR

Electrode Onset No of electron Limiting current
potential transferred at (1500 density
\Y; rpm, -0.30V) (mA/cm?)
N-CNTs -0.166 2.4 -2.95
2Ru/N-CNTs -0.158 3.9 -4.76
5RuU/N-CNTs -0.153 3.7 -4.54
10RU/N-CNTs -0.148 3.2 -3.66

The n value of 2.4 and 3.2 for N-CNTs and 10Ru/N-CNTSs respectively, lies
between 2 and 4, which indicates that the electrocatalytic ORR on the
nanocatalyst surface involves mixed 2e- and 4e- reduction processes [44].
2RuU/N-CNTs and 5Ru/N-CNTs nanocatalysts showed the oxygen within
the solution diffuse to the surface of the electrode and react to form a
hydroxyl ion through a four-electron reaction. With the increase of the
loadings from 2 - 5 and 10 wt. % the n value decreases to 3.7 and 3.2,
respectively. This might be due to the formation of the isolated metallic Ru
particles, since isolated 3d transition metals tend to produce H,O,, thereby
causing a low n value [9]. The ORR activity thus appears to depend on the
concentration of the ruthenium on the support. The higher the
concentration the more the particles and the closer they get to each other
as seen in the TEM image in Figure. 5.3. Thus might create a hindrance

effect that will affect the interaction of the oxygen with the ruthenium.

54 Conclusions

In this study the electrochemical activity of ruthenium deposited on N-CNT
nanocatalysts, prepared via a CVD technique associated with a
microwave assisted deposition, was examined. The Ru nanoparticles of
mean diameter of 2.9 - 3.3 nm were uniformly distributed on the N-CNT
surface. Due to their increased nanocatalyst activity N-CNTs appear to be

a promising potential support material for Ru nanoparticles for ORR in
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alkaline media. The 4 electron reaction of ORR was found to be more
favourable on 2Ru/N-CNTs and 5Ru/N-CNTs. The lower loading of Ru
metal nanoparticles on the 2Ru/N-CNT catalyst proved to give a better
catalyst, which makes it a potential material for the ORR catalysis in fuel

cells in alkaline media.
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Part B:

Oxidation of styrene and benzyl alcohol
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CHAPTER 6

SUPPORTED RUTHENIUM CATALYSTS FOR THE
OXIDATION OF STYRENE

6.1 Introduction

Styrene is a molecule that has a terminal olefin linked to an aromatic ring
and is used to make polystyrene [1]. An alternative reaction to the styrene
polymerisation reaction is the olefin double bond oxidation reaction which
gives a substituted benzene product. The products from the oxidation of
the double bond have been utilized in industry. As a result there is much
interest in the oxidative conversion of styrene to benzaldehyde [2,3,4]. It is
known that styrene oxidation at the side chain can lead to various reaction
products which depend on the catalysts and reaction conditions [5,6]. For
instance, styrene oxide and phenyl acetaldehyde were the main products
formed when peroxide is used as oxidant and titanium doped silicate
molecular sieves were used as catalyst [7,8]. Benzaldehyde was obtained
when niobium and other transition metals were co-doped on mesoporous

support materials [3].

Mechanistic studies have suggested that the reaction could occur in a
stepwise manner or occur by a stepwise branch pathway with an
intermediate that generates by-products. The formation of benzaldehyde
can occur via two pathways [2,9] as shown in scheme 1. In the first
pathway benzaldehyde is formed by nuleophilic attack of hydrogen
peroxide (H.O,) on styrene oxide (route 2), followed by cleavage of the
intermediate hydroxy-hydroperoxistyrene (route 3). In the second pathway,
radical cleavage of the styrene side chain double bond takes place (route
1) [9,10]. Various competing reaction pathways that follow the formation of
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the styrene oxide lead to the production of phenylacetaldehyde (route 4),
benzoic acid (route 5) and phenylacetic acid (route 6). Phenylacetic acid
and benzoic acid are derived via the nucleophilic attack of oxygen atoms

at the electron-deficient carbonyl carbon [11].

Phenylacetaldehyde

0 OH
—
— J7

Phenyl acetic acid
J
0

O/Sfyreneoxide
la

0 o
O e

Benzaldehyde Benzoic acid

.

Styrene

@A\ 2

v

Scheme 6.1. Reaction products obtained in the oxidation of styrene

Traditionally when homogenous catalysts are used styrene is oxidised by
peracid and stoichiometric amounts of reactants are used. However,
peracids are very expensive, corrosive and dangerous to handle. Even
though homogenous catalysts give high yields, the use of homogenous
catalysts requires separation of reactants and catalyst from the desired
product and separation of the products at the end of the reaction [12,13].
Due to the ease in separation, recovery and recycling, continuous
processing of heterogeneous catalysts have advantages over

homogenous catalysts. Further, solid supported catalysts
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(heterogeneous catalysts) are considerably cheaper and environmentally
more friendly [2,14,15]. Organic peroxides and hydrogen peroxide can be
used as oxidants for the oxidation of the olefins when heterogeneous
catalysts are used [16]. A major goal in this area of catalysis is to use
hydrogen peroxide as an oxidising agent in the reaction because it is
environmentally acceptable and its by-product is water [17].

The oxidation of styrene has been reported to be carried out using
different oxidants over doped transition metals catalysts on different
supports; these include: microporous or mesoporous molecular sieves
[3,6,18,19] zeolites [20,21,22,] carbon materials [23], and polymers [24].
Silver [25,26,27,28], palladium [29] and gold [13,23,30,31] are the
supported transition metals that have been used, mainly for styrene
oxidation. Hulea et al., [9] investigated the oxidation of styrene by H,O,
over Ti-containing molecular sieves. The product distribution from the
styrene oxidation depended on the nature of the catalyst. The selectivity to
phenylacetaldehyde was very high for all catalysts with a small pore
opening, while benzaldehyde selectivity was high when Ti-containing
catalysts had large pores. Ti-containing molecular sieves were earlier
used by Laha et al. [32]. In the study by Laha, the results obtained using
urea-hydrogen peroxide (UHP) as oxidant were compared with those
obtained with H,O, under the same conditions. Styrene oxide was a major
product when the UHP oxidant was used while benzaldehyde selectivity
was favoured when H,O, was used as oxidant. Zeolites (ZSM-5) showed
good performance when modified with a series of transition metals. A
chromium on zeolite catalyst was found to be the most active of all the
metal-ZSM-5 catalysts evaluated (cobalt, chromium, iron, zinc,
manganese, and copper) when hydrogen peroxide was used as oxidant.

High benzaldehyde selectivity was obtained [2]

Today carbon nanotubes (CNTs), due to their unique chemical and
physical properties, are extensively studied as catalyst supports.
Theoretical studies of the CNT supports indicate that a site-specific
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support-material interaction can be present, which is the result of the
bending of graphene sheets in CNTs. This CNT effect plays an important
role in heterogeneous catalysis because it allows tuning of the catalytic
properties through use of the structure of the support material [33].
Moreover, CNT properties can be manipulated by functionalisation which
also provides chemical attachment of catalysts to CNTs [34]. Gold
supported on CNTs have proved to be active in catalysing the oxidation of
styrene with a good conversion and high styrene oxide selectivity using
tert-butyl hydroperoxide (THBP) as oxidant [30].

Ruthenium metal has been exploited for its electron charge transfer
properties; and CNTs are often utilised as electron acceptors due to their
extended Tr-electron conjugation. In addition Ru is a cheap metal relative
to other noble metals that have been used [34,35]. Thus, supporting Ru
on CNTs will combine the exceptional properties of ruthenium with those

originating from CNTSs.

To the best of our knowledge there are no literature reports on the study of
Ru-CNT catalysts for styrene oxidation in the liquid phase. In practice, the
oxidation of styrene can be performed in the liquid or gas phase,
depending mainly on the thermal stability and volatility of the reagents and
products. Chimentao et al., [36] studied the sensitivity of the styrene
oxidation reaction to a silver nanoparticle catalyst in a gas phase reaction.
The biggest disadvantage of a gas-phase oxidation is the high reaction
temperature, which tends to increase energy consumption, give low
selectivity, and leads to more rapid deactivation of catalyst active sites
[37]. Thus, in this study the oxidation of styrene, in the presence of
hydrogen peroxide, over a ruthenium catalyst deposited on CNTs was
investigated. The catalytic activity was evaluated using different reaction

conditions.
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6.2 Experimental

6.2.1 Materials

Pristine MWCNTSs with inner diameter of 5 - 10 nm and outer diameter of
40-80 nm were obtained from Sigma Aldrich. The nitrogen doped CNTs
(N-CNTs) (0.8 % nitrogen) with inner diameters of 5 - 10 nm and outer
diameters of 30 - 100 nm were synthesised in-house (Chapter 3). Styrene
(Aldrich, 99 %), hydrogen peroxide (H2O2) (30 % v/v), acetonitrile
(Aldrich,), 1,4-dioxane (Aldrich, 99 %), DMF (Aldrich, 99 %) and
RuCls.xH,O (Aldrich) were used as received. All chemical reagents were
analytical reagents and used without further purification. Microwave teflon

vessels were used in the synthesis reactions.

6.2.2 Catalyst preparation

Microwave irradiation was used in this study to make Ru supported CNTs
as described in [38]. In the method, 5 wt. % Ru (from RuCls) was
deposited on CNTs and N-CNTs. CNTs or N-CNTs (50 mg) and
RuCl3.xH,O (10 mg) were mixed in 80 mL ethylene glycol and the brown
solution was heated in a microwave oven at 500 W, ramped to 200 °C in
18 min. The reaction was held for 5 min at 200 °C before it was cooled to
room temperature. A clear solution containing a black precipitate was
formed during the reaction. The sample was named according to the
expected wt. % Ru loaded onto the CNTs viz. for the above Ru/CNT
mixture these samples were named 5Ru/CNTs and 5Ru/N-CNTs as they
contained 5 wt. % Ru on the support. The catalysts were filtered, washed
with 20 mL acetone and dried at 110 °C overnight. An ICP analysis was
performed to verify the metal loading on the support (4.89 wt. % for
Ru/CNTs and 5.16 wt. % for Ru/N-CNTs). The Ru/CNT samples were then
calcined in air at 250, 350 and 400 °C for 2 h.
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6.2.3 Characterisation

The morphology and the microstructure of the catalysts were
characterised using a JEOL 2100 TEM microscope. XRD patterns were
collected in air at room temperature on an X'Pert Pro PANalytical X-ray
diffractometer using Cu Ka radiation (A = 0.15418) operated at 40 kV and
50 mA. The metal content was determined by inductively coupled plasma
analysis (ICP-Spectro-Acros).

6.2.4 Catalytic activity

The styrene oxidation reaction was carried out in a 50 mL two-neck round
bottomed flask equipped with a magnetic stirrer and a reflux condenser
under continuous stirring (1400 rpm), and was heated in an oil bath. The
reaction was carried out at different temperatures (80 - 100 °C), different
times (2 - 22 h) and using various solvents (DMF, 1,4-dioxane and
acetonitrile) (Table 6.2). After reaction, the catalysts were washed with
20 mL acetone and recovered. The composition of the oxidation products
was analysed by a Varian 3700 gas chromatograph equipped with a DBI
capillary column (30 m x 0.32 mm x 0.53 ym) and a flame ionisation
detector (FID). The injector and the column temperature were kept at
220 °C and 148 °C respectively. The column temperature was
programmed to ramp at 10 °C/min. The identification of products was
carried out by comparison of their retention time with known standards.

The conversion and selectivity data were calculated as follows:

Conversion% = moles of reactantconvertedX 100%

moles of reactan in feec

Selectivity /% = moles of product formed «100%
moles of all products
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6.3 Results and discussion

RU/CNTs and Ru/N-CNTs were synthesised with a 5 wt. % Ru content
using a microwave irradiation method. The results were discussed in detail
in Chapter 4 where the average diameters of the Ru particle size
synthesised were 3.5 nm and 6.2 nm for 5Ru/N-CNTs and 5Ru/CNTs
respectively. The 5RuU/CNT catalyst was then calcined at different
temperatures (250 - 400 °C) for 2 h. The calcined catalyst was labelled
5RuUO,/CNTs. 5RUO,/CNTs was used to obtain the optimum parameters
(reaction temp, time, and catalyst amount) which were then used to study
the catalytic activity of 5RuO,/N-CNTSs.

6.3.1 Characterisation

6.3.1.1 XRD analysis

* RUu/CNTs

The calcined and uncalcined Ru/CNT catalysts were characterised by
XRD analysis (Figure 6.1). The typical peak located at a 26 value of about
26° corresponds to the (002) reflection of carbon [39]. The other featured
peaks found for the uncalcined Ru/CNT material (Figure 6.1b) at a 26 of
about 38°, 43°, 59°, 69° and 78° were assigned to the (100) (101)(102)
and (110) Ru planes respectively. They are assigned to the hexagonal

structure of ruthenium [40,41].

It is observed from the XRD patterns that increasing the calcination
temperature gave rise to different XRD catalyst patterns. This indicates
that the Ru phases present in the catalyst are different or the relative
amount of each phase present is different. From the X-ray diffraction
analysis of the catalysts shown in Figure 6.1c and Figure 6.1d the
formation of RuO, was detected. In the patterns of the composites heated
at 250 °C, the catalyst shows the weak RuO, diffraction peaks at 35° and
54°, Heating the composites at 400 °C generates XRD patterns that show
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typical reflections of crystalline RuO,. The two major peaks at 28° and 35°
in the range of 20 - 40° can be assigned to the diffraction from the (110)

and (101) planes of RuO; with a tetragonal rutile phase [42].

—CNTs
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Figure 6.1. XRD patterns of (a) CNTs (b) uncalcined Ru/CNTs (c) calcined
Ru/CNTs (250 °C) and (d) calcined Ru/CNTs (400 °C).

The Scherrer equation

_ 0.89 4
LB Cos 6

where D is the average crystallite size, A is the wavelength (0.154 nm),
is the full width at half maximum, and 0 is the Bragg diffraction angle was
used to quantify the Ru and RuO, particle size [43].The crystallite sizes
were estimated from the XRD spectra using the Scherrer equation for the
uncalcined, 250 and 400 °C calcined catalysts. The Ru and RuO, average
crystallite size for the catalysts was measured using the line broadening of
the peak at the 26 value of 38° and 35° respectively.
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The peak around 26 = 43° could not be used because it is a mixture of Ru
and carbon phases. Ru crystallites were found to be 6.5 nm for the
uncalcined catalyst. The RuO, particle size of 250 and 400 °C calcined
catalysts could be estimated and were found to be 7.3 and 9.8 nm
respectively. The RuO; revealed larger particles at the higher calcination
temperature

¢ RUu/N-CNTs

Figure 6.2 shows the XRD patterns of the N-CNTs, 5RuO,/N-CNTs
sample calcined at 400 °C, (2 h) and the uncalcined 5Ru/N-CNT sample.
They exhibit the (002) and (100) basal plane diffraction peaks at 26 around

26° and 43° in for the hexagonal graphitic carbon structure [44].

— N-CNTs
+ Fe,0/Fe O, RU/N-CNTs
+ RuG, Ru/N-CNTSs (400 °C)
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Figure 6.2. XRD pattern of (a) N-CNTs (b) uncalcined and (c) 400 °C calcined
5RuO,/N-CNTs
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New diffractions at 28 = 28°, 35° and 54° became evident in the XRD
pattern of the thermal-treated sample (Figure 6.2c), which is an evidence
of the RuO, (101) rutile phase. The peaks at 20 = 49° indicated the
presence of hematite (Fe,O3) phase due to Fe residue during N-CNTs
growth [45].

6.3.1.2 TEM analysis

TEM micrographs (Figure 6.3) show the morphologies and Ru particle size
of RU/CNTs and Ru/N-CNTs before and after calcination. Figure 6.3a
shows an image of the 5SRuU/CNT catalyst and Figure 6.3b an image of the
5RU/CNT catalyst after heat pre-treatment under air at 400 °C. The Ru
particle size distributions varied between 5 - 8 nm with an average
diameter of 6.2 nm before calcination. Following calcination, TEM studies
of the 5RuO,/CNTs shows black spots of RuO, embedded on the matrix of
the carbons and the average particle size diameter distribution increased
to 9.2 nm. The TEM image of the Ru/N-CNT catalyst before calcination is
shown in Figure 6.3c with the average Ru particle size of £ 3 nm. Figure
6.3d shows an image of the calcined 5RuO,/N-CNTSs catalyst (400 °C) with
average particle size of 5.1 nm. Calcination forms metal oxides. Therefore,
the particles obtained after calcination are RuO; particles. The presence of
Ru on the CNTs was previously determined by EDS and TEM (chapter 5).
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Figure 6.3. TEM images and corresponding histograms of uncalcined (a)
5RU/CNTs and calcined (400 °C) (b).5Ru/CNTs. Uncalcined (c) 5Ru/N-CNTs and
calcined (d) 5Ru/N-CNTs (400 °C).

6.3.2 Oxidation of Styrene

The oxidation of styrene in the presence of H,O, by 5Ru/CNTs as a
catalyst was investigated. The off-line analysis was carried out using a
GC-FID instrument. An approximately 0.2 yL sample was injected into the
gc column instrument using a syringe and this sample was used to
analyze the products produced during the styrene oxidation reaction.
Typical traces produced during oxidation of styrene were recorded using
Clarity software (v. 2.5 a Data Apex Chromatograph software package) is
shown in Figure 6.4. The peak areas corresponding to each reactant on
product detected was taken to correspond to the number of moles of that
molecule passing through the detector. Blank experiments were performed
to control the experiment; (i) styrene without a catalyst and (ii) styrene over
catalyst without oxidant. In the blank experiment performed without
catalyst the oxidation occurred at a very low rate (80 °C) and less than 1
mol % conversion of styrene was obtained after 7 h. Moreover, in a blank
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reaction in which styrene was reacted over a catalyst without oxidant the

oxidation also occurred at a low rate with 2 mol % conversion after 24 h.
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Figure 6.4. A typical trace for the styrene oxidation product using GC

The oxygen on the surface of the CNTs aided in low conversion of styrene
noted in Ru blank reaction. In the presence of a catalyst and oxidant
oxidation of styrene produced benzaldehyde (BZA), trace amounts of
styrene oxide (SO), and the by-products; benzoic acid (BAc), and phenyl
acetic acid (PhAAc) [3,9,10,26,46].

6.3.2.1 Effect of reaction temperature

The impact of reaction temperature on the oxidation of styrene over
5RuUO,/CNTs is shown in Figure 6.5. The reaction was carried out in
1,4-dioxane as a solvent with 0.04 g of catalyst at various temperatures for
4 h. The styrene conversion increased from 34 mol % at 70 °C to
85 mol % at 100 °C. It has been reported in similar studies that this is
related to the decomposition of H,O, which increases with an increase of
temperature [47]. At lower temperatures (70 °C and 80 °C) benzaldehyde
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is the main product. To obtain information on the pathway for the formation
of benzaldehyde in the styrene oxidation reaction, styrene oxide was
reacted over 5RuO,/N-CNTs using peroxide as oxidant. Benzaldehyde is

formed in two pathways as shown in Scheme 6.1.
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Figure 6.5. Influence of reaction temperature on the oxidation of styrene over
5RuO,/CNTs. Reaction conditions: catalyst = 0.04 g, styrene:H,O, = 1.6
1,4-dioxane =10 mland t = 4 h.

However, data in Figure 6.6 suggest that the styrene oxide formed in the
reaction mostly generates phenylacetic acid. Which implies most of
benzaldehyde is formed via the radical cleavage of the side chain of
styrene. As the temperature increased, the selectivity to benzoic acid and
phenyl acetaldehyde increased at the cost of benzaldehyde. The increase
of benzoic acid is due to a secondary oxidation reaction, in which styrene
is firstly oxidised into benzaldehyde and then further oxidised to benzoic
acid [48,49]. The increase in phenyl acetic acid at higher temperature
arises from the epoxidation reaction which competes more favourably with
C=C bond cleveage which firstly gave styrene oxide. The styrene oxide

then isomerised to phenyl acetaldehyde (route 4), (Scheme 1) [47].
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Phenyl acetaldehyde was not observed as it presumably converted, as
soon as it is formed, to PhAAc (Route 6). A temperature of 80 °C is thus
regarded as an optimal reaction temperature to give the best conditions for

the conversion and selectivity for the reaction.
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Figure 6.6. Oxidation of styrene oxide Reaction conditions: catalyst = 0.04 g,
styrene:H,O, = 1:6 1,4-dioxane =10 mlandt=4h.

6.3.2.2 Effect of reaction time

The impact of the reaction time on the oxidation of styrene at 80 °C is
depicted in Figure 6.7. There is an induction period at the beginning of the
reaction and after the induction period styrene conversion increases
exponentially. The conversion of styrene was observed to increase
continuously with time. After 22 h (not shown) the conversion was close to
complete (98 %). However, the selectivity to benzaldehyde decreased
markedly with prolonged time, while an increase in benzoic acid and
phenyl acetic acid took place. This suggests over-oxidation with prolonged
time [4]. To gain insight into the reaction mechanism pathways and their

relevance on the oxidation, the oxidation of benzaldehyde by 5RuO,/CNTs
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catalyst at 80 °C was studied. Benzoic acid was the only product formed
as shown in Figure 6.8.
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Figure 6.7. Influence of reaction time on the oxidation of styrene over 5SRu/CNTSs.

Reaction conditions: catalyst = 40 mg, styrene:H,O, = 1:6 1,4-dioxane = 10 ml,
and T= 80 °C.
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Figure 6.8. The oxidation of benzaldehyde to benzoic acid. Reaction conditions:
catalyst = 40 mg, styrene:H,0, = 1:6 1,4-dioxane = 10 ml, and T= 80 °C.
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6.3.2.3 Effect of amount of catalyst

The amount of catalyst used was varied from 0.02 g to 0.08 g and the
results are presented in Figure 6.9. When the amount of catalyst was
increased from 0.02 to 0.04 g the conversion of styrene also increase from
36 mol % to 41 mol %. At the same time, the selectivity of benzaldehyde
slightly increased from 79 to 85 %. This relates to a doubling of the
catalyst surface area which produces more active sites. As the amount of
catalyst used is increased further, from 0.04 g to 0.08 g, the conversion of
styrene increased slightly (41 to 44 %) but the benzaldehyde selectivity
decreased (85 to 60 %) with an increase of benzoic acid. This is arises
since when a large excess of catalyst is used there is a greater chance of
both styrene and benzaldehyde being simultaneously adsorbed on the
RuO; [47]. In other words the benzaldehyde and styrene compete for the
active sites. The activity and styrene conversion using 0.04 g catalyst was

investigated in later studies.
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Figure 6.9. Influence of catalyst amount on the oxidation of styrene over
5RuU/CNTs. Reaction conditions: styrene:H,O, = 1:6 1,4-dioxane = 10 ml, T= 80
°Candt=4h.
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6.3.2.4 Effect of calcination temperature

Table 6.1 summarises the experimental data obtained for the three
catalysts after performance in the styrene oxidation reaction. When the
calcination temperature was increased to 400 °C, the conversion of the
styrene decreased while the selectivity to the benzaldehyde increased.
The decrease of the styrene conversion at higher calcination temperature
is related to the sintering of Ru particles and formation of bigger particle
sizes. The particle size plays an important role in the selectivity; the bigger
RuO, particle size shows a slightly better selectivity (85 %) to
benzaldehyde.

Table 6.1. Influence of calcination temperature on the oxidation of styrene over

5RU/CNTs.
Calcination Ave. Ave.Ru Styrene BZA SO BAc PhAAc
(°C) RuO, particle Conversion
particle Size (nm) (%)
Size (nm)
Uncalcined - 6.5 47 79 5 4 12
250 7.3 - 48 78 4 5 11
400 9.8 - 41 85 1 6 7

Reaction conditions: Reaction conditions: catalyst = 0.04 g, styrene:H,0, =1:6 1,4-
dioxane =10 mL, T=80°C and t = 4 h. Error bar = +/- 1.

6.3.2.5 Effect of H ,O, concentration

To determine the effect of the H,O, oxidant on the oxidation of the styrene
oxidation, three different styrene:H,O, molar ratios were studied at 80 °C
for 4 h (Figure 6.10). An increase in the oxidant concentration enhanced
the styrene oxidation and benzaldehyde selectivity was increased. Styrene
oxidation was 17 % and benzaldehyde selectivity was 76 % when a 1:4
styrene:H,O, molar ratio was used. The lower conversion at the 1:4 molar
ratio could relate to the H,O; being a limiting reagent in the reaction [50]. A

maximum conversion of the styrene (41 %) together with high
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benzaldehyde selectivity (85 %) was obtained at a 1:6 molar ratio. Both
the catalytic activity and the benzaldehyde selectivity decreased when a
molar ratio above 1:6 was used. When excess peroxide is used over
oxidation take place. It is also possible that at higher H,O, volumes more

water is present which suppresses the catalyst activity [9].
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Figure 6.10. Effect of styrene:H,O, ratio. Reaction conditions: catalyst = 40 mg,
1,4-dioxane =10 ml, T=80°C andt=4 h.

6.3.2.6 Effect of solvent

The nature of the solvent has an important effect on the outcome of a
reaction, and affects yields, by-product formation and reaction kinetics [9].
The styrene oxidation reaction was examined using different solvents
(4 h, 80 °C) as shown in Table 6.2. The solvents chosen were polar aprotic
solvents. The solubility of O, in polar aprotic solvents accelerates the
oxidation and it benefits the reaction [51]. The 5RuO./CNT catalyst
exhibited the highest catalytic activity when 1,4-dioxane solvent was used.
The conversion was 41 % in 1,4-dioxane with a corresponding 85 %
selectivity to benzaldehyde. DMF and acetonitrile were also active but
gave lower conversion as compared to 1,4-dioxane. The styrene

conversions in these two solvents were 17 % and 15 % respectively. This
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lower conversion might be explained by the coordination of Ru with the
N heteroatom in the solvent molecule [51]. Even though the 1,4-dioxane
has a higher activity at 4 h, DMF and acetonitrile have higher selectivity to
the two products, benzaldehyde and styrene oxide. However, at equi-
conversion (£ 15 % styrene conversion) in all solvents, 1,4-dioxane has a
high selectivity to benzaldehyde (90 %) and styrene oxide. This
conversion occurs after a reaction time of 1 h as compared to 4 h for DMF
and acetonitrile. DMF shows a higher selectivity to styrene oxide. This
could be due to the rate of isomerisation (route 4) and the priviledge that

the nucleophilic attack of styrene is slow in DMF as a solvent.

Table 6.2. Effect of solvent on styrene oxidation®

Temp (°C) Styrene Selectivity (%)
Conversion (%) BZA SO BAC PhAAC
1,4-dioxane 41 85 1 6 7
1,4-dioxane  15° 90 10 - -
Acetonitrile 15 93 7 - -
DMF 17 75 25 - -

*The conversion of styrene at 1 h.
Reaction conditions: catalyst = 40 mg, styrene:H,0, = 1:6 1,4-dioxane = 10 mL, T=80 °C
and t = 4 h. Error bar = +/- 1.

6.3.2.7 Effect of recycling

An important factor that has to be taken into consideration is the catalytic
stability and durability of a catalyst. It is one of the most important
properties of a heterogeneous catalyst. The metallic components can
leach out from the support, resulting in either the formation of an active
homogenous catalyst or a loss of catalyst activity on subsequent recycling
[52,53]. In order to evaluate those effects, reuse of the catalyst was
carried out. After an oxidation reaction (6 h), the catalyst was recovered by
filtering off the solution from the catalyst. The catalyst was then washed
with 20 mL acetone and heated in an oven at 120 °C for 4 h. The catalyst

was then reused in four subsequent consecutive catalytic cycles under the
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same reaction conditions used in the first styrene oxidation reaction
(80 °C, 4 h) (Figure 6.11). The recycled catalyst gave a slightly reduced
activity with each recycle. Styrene conversion remained nearly constant
after the second cycle and there was a small variation in benzaldehyde
selectivity when the first cycle, (85 %) was compared with subsequent
cycles (~ 80 %) as shown in Figure 6.12.
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Figure 6.11. Influence of reuse of a catalyst on the oxidation of styrene over
5RuU/CNTs. Reaction conditions: catalyst = 40 mg, styrene:H,O, = 1.6
1,4-dioxane = 10 ml and T= 80 °C.

ICP was used to confirm the presence and amount of Ru in the catalyst
after use and it was found that the Ru content of the used catalyst was
4.91 % for RU/CNTs, which is similar to that of the fresh catalyst. Further
no ruthenium was detected by ICP in the filtrates. The minor changes on
the catalyst activity are believed to be from physical losses of catalyst

during the recycling process.
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Figure 6.12. Selectivity of recycled catalyst. Reaction conditions: catalyst = 40
mg, styrene:H,O, = 1:6 1,4-dioxane =10mL, T=80°Candt=4h.

6.3.2.8 The effect of N-CNTs

Table 6.3 reports the results of the Ru catalyst supported on CNTs and on
the N-CNTs for styrene oxidation using peroxide
(40 mg catalyst, 80 °C, 1,4-dioxane, 4 h). The support is shown to have an
effect on both the conversion and the selectivity of the oxidation reaction.
N-CNTs show a better Ru nanoparticle dispersion, with smaller particle
sizes as compared to pristine CNTs (Table 6.1). This is due to
N-functionalities that are incorporated in the carbon network structure.
Additional lone pairs of electrons on N atoms enhance the electronic
properties of CNTs [54.]. The nitrogen atoms entering the graphene
sheets as a substituent for carbon also modify the adsorption strength of
the nanotube towards foreign elements quite significantly [55]. The
RuO,/N-CNT catalyst was expected to perform better than the Ru/CNTSs.
However, the conversion of styrene was 41 % using the CNTs as support
and 34 % using the N-CNTSs; and the corresponding selectivity was 85 and
87 % respectively. At the equi-conversion of 34 % styrene conversion,

RuO,/CNTs gave a better conversion and better selectivity to
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benzaldehyde with 11 % styrene oxide selectivity. The lower conversion of
styrene with RuO,/N-CNTs might be explained by the RuO, nanopatrticle
size. A similar selectivity trend was found with smaller Ru particles
produced on the uncalcined (6.8 nm) and 250 °C RuO; calcined catalyst
(7.3 nm) as compared to larger particles produced with the 400 °C RuO,
calcined catalyst (9.8 nm). The results suggest that styrene oxidation
reaction depends on the size of the metal nanoparticles. The larger the

particles size the better the selectivity.

Table 6.3. Effect of N-CNTs on styrene oxidation

Support Conversion Selectivity (%)
(%) BZA SO BAC PhAAC
CNTs? 41 85 1 6 7
N-CNTs? 34 87 3 3 6
CNTs” 34 89 11 0 0

Reaction conditions: catalyst = 40 mg, styrene:H,0O, = 1.6 1,4-dioxane = 10 mL, T=80
°C. Error bar = +/- 1.

dConversion at 4 h

®Conversion at + 2 h

6.3.3 Comparison of catalysts with literature data

5RuUO,/CNT and 5RuO,/N-CNT catalysts were compared with the similar
data for styrene oxidation reaction obtained from the literature as shown in
Table 6.4. Although there was no data that used ruthenium as catalyst for
styrene oxidation, all the reactions were done in a solvent using H,O, as
an oxidant and they were highly selective to benzaldehyde. The
comparison result shows that both 5RuO./CNT and 5RuO,/N-CNT
catalysts were also highly selective to benzaldehyde. The VSB-5 catalyst
showed a higher selectivity but lower activity. Equi-conversion of the
styrene oxidation reaction using 5RuO,/CNTs with the catalyst from the
literature studies was done in order to compare the activity. Catalysts A-C
were the only catalysts that showed better selectivity than the SRuO,/CNT
catalyst, even though their selectivity was obtained after a longer period.
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5RuO,/CNT catalyst showed better selectivity to benzaldehyde than
catalysts D-J. The prepared 5RuO,/CNT and 5RuO,/N-CNT catalysts may

thus have potential utilisation in the selective oxidation of styrene.

Table 6.4. Comparison of catalyst for styrene oxidation reaction with H,O, as

oxidant
Catalyst Time/ Temp/ Solvent Conv/ Sel/ Equi- Ref
h °C % % Conv®
5RUO2/CNT - 4 80 1,4 - 41 85 Present
dioxane work
5RUO,/N-CNT - 4 80 1,4 - 34 87 Present
dioxane work
Ag- Y-Zrp A 8 82 MeOH 68 64 55 [48]
Ag-Y-Zrp B 8 82 MeCN 57 82 67 [48]
Fe-SBA C 4 80 MeCN 66 73 59 [5]
Ti-SBA D 4 80 MeCN 53 48 58 [5]
CoVSB-1 E 6 70 Acetone 40 28 85 [3]
Cr-ZSM-5 F 7 80 MeCN 49 61 70 [2]
VSB-5 G 6 70 Acetone 28 94 95 [3]
7,16diacetyl[N{Mey(Bzo),[14]tetraene}]- H 6 75 MeCN 54 58 58 [10]
NaY
[Ni{Me 4(Bzo)[14]tetraenel}]-NaY I 6 75 MeCN 44 62 80 [10]
Cu(ll)-Nay J 6 75 MeCN 6.2 78 100 [10]

8Equi-conversion = equivalent point of conversion
6.4 Conclusion

RuO,/CNT catalysts are active in catalysing the oxidation of styrene with
relatively high benzaldehyde selectivity (85 %) using hydrogen peroxide as
oxidant. Other products such as benzoic acid, phenyl acetic acid and
traces of styrene oxide were obtained with very low selectivity. The best
result, styrene conversion of 41 % and benzaldehyde selectivity of 85 %,
was obtained by using 1,4-dioxane as the solvent at 80 °C, (0.04 g catalyst
calcined in air at 400 °C for 2 h and reaction time 4 h). The 5SRuO,/N-CNT

catalyst showed a better selectivity to benzaldehyde (88 %) but at lower
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conversion (34 %) as compared to undoped 5RuO,/CNTs after 4 h
reaction. However, at equi-conversion the 5SRuO,/CNT catalyst appeared
to be a better catalyst. This is related to the larger RuO; particle size being
more selective to benzaldehyde. This catalyst system is also simple to use

and separation and recycling proved easy.
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CHAPTER 7

STUDIES ON STYRENE OXIDATION OVER NITROGEN
DOPED CARBON NANOTUBE SUPPORTED RUTHENIUM

7.1 Introduction

This chapter is a continuation from chapter 6. In the previous chapter the
Ru/N-CNTs were shown to show some activity. To further explore this
issue Ru was deposited on nitrogen doped CNTs prepared differently from
those in chapter 6. The aim was to understand if the activity of the N-CNTs
is dependent on the synthesis procedure. In this study also, nitrogen
doped carbon nanotubes (N-CNTs*) synthesized by CVD were used, and
the studies of Ru/N-CNTs* on oxidation of styrene was fully investigated.
The nitrogen doped carbon nanotubes (N-CNTs*) with 2.2 at.% nitrogen
content were synthesized by the catalytic decomposition of acetylene
(C2oH2) and acetonitrile (CH3CN) at 700 °C over a 10% Fe-Co supported

on calcium carbonate (CaCQOs3) catalyst.

7.2 Experimental

7.2.1 Materials

C2H (Afrox), CH3CN (Aldrich), N2 (Afrox), HNO3 (Aldrich), benzyl alcohol,
hydrogen peroxide (H»O,) (50% mass concentration in water), RuCls;.xH,O
(Aldrich) were used as purchased. All other chemicals and reagents used
were of analytical grade and purchased from Sigma Aldrich and used

without any further purification.
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7.2.2 N-CNTs* synthesis

N-CNTs* were synthesized using a procedure similar to that reported by
Tetana et al [1]. The synthesis of N-CNTs* was carried out in a tubular
quartz reactor (51 cm x 1.9 cm internal .diameter.) placed in a horizontal
furnace under nitrogen (N;) carrier gas. C,H, and CH3CN were used as
carbon and carbon/nitrogen sources, respectively. For each synthesis, 1 g
of the catalyst was uniformly spread onto a quartz boat (120 mm x 15 mm)
which was then placed in the centre of quartz tube. The furnace was then
ramped to 700 °C at 10 °C min~* under flowing N, gas (40 mL min™).
Once the desired temperature was reached, the N, (240 mL min™) and
C,H, (100 mL min™) were simultaneously bubbled through CHsCN for 1 h.
After this, the bubbling of the gases through CH3CN was stopped and the
system was left to cool down to room temperature under Ny (40 mL min™).
The quartz boat was then removed from the reactor and the black soot
was then collected. The resulting nitrogen-containing materials were
purified using 55 % HNO3 under reflux in an oil bath held at 110 °C for 4 h
to remove the CaO, residual Fe-Co particles and introduce oxygen surface
groups. The acid-treated carbon materials were then filtered and washed
several times with distilled water (to remove the residual HNO3). The

nitrogen-containing materials were dried at 120 °C for 12 hours.
7.2.3 Catalyst preparation

The catalyst was synthesised via a microwave irradiation procedure as
described in [2]. Ru nanoparticles were deposited on N-CNTs* using the
microwave assisted polyol method in a microwave teflon vessel. In the
reaction 50 mg of N-CNTs* and RuCl3.xH,O were mixed with 80 mL
ethylene glycol and sonicated for 10 min to afford a homogenous
suspension. Ru/N-MWCNT mixtures were chosen to give two different Ru
loadings (3 and 5 wt. %.) The suspension was then placed in a microwave
reactor (Anton-Paar Multiwave 3000) and heated to 200 °C and the

reaction mixture was kept at this temperature for 5 min at 500 W. The
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resulting clear suspension was filtered and the residue was washed with
20 mL acetone, then with 50 ml deionised water and dried at 110 °C
overnight. The material was then calcined at 400 °C. The samples were
named according to the wt. % of Ru expected viz 3Ru/N-CNTs* and
5Ru/N-CNTs*. The ICP analysis confirmed the amount of ruthenium to be
3.26 and 5 23 for 3Ru/N-CNTs* and 5Ru/N-CNTs* respectively.

7.2.4 Characterisation

The samples were characterised by XRD patterns collected in air at room
temperature on a X'Pert Pro PANalytical X-ray diffractometer using Cu Ka
radiation and the size of Ru particles was determined on carbon using a
JEOL 2100 TEM. The morphology of the N-CNTs* was evaluated using a
LEO 1525 FE-SEM. The SEM was equipped with an energy dispersive
spectroscopy (EDS) facility, which was used for elemental analysis of the
MWCNTs. Raman spectra were collected before and after synthesis using
a Horiba Jobin Yvon T64000 Raman spectrometer. The spectra were
recorded from 150 - 3000 cm™ with a 514.5 nm excitation with energy
setting 1.2 mW from a Coherent Innova model 308 Ar-ion laser in
measured backscattering geometry with a cooled charge-coupled device
array detector. Thermal analyses were performed by simultaneous
thermogravimetric-differential procedures using a TA Q500 thermal
instrument. The amount of Ru supported on the N-CNTs* was quantified

using inductively coupling plasma (ICP) spectroscopy (Spectro-Acros).
7.2.5 Catalytic activity

The styrene oxidation reaction was carried out in a 50 mL two—neck round
bottomed flask equipped with a magnetic stirrer and a reflux condenser
under continuous stirring (1400 rpm), and was heated in an oil bath. The
reaction was carried out at different temperatures (60 - 100 °C), different
times (2 - 18 h) and using various solvents (DMF, 1,4-dioxane, toluene

and acetonitrile) (Table 7.3). After reaction, the catalysts were washed
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with 20 mL acetone and recovered. The composition of the oxidation
products was analysed using a Varian 3700 gas chromatograph equipped
with a DBI capillary column (30 m x 0.32 mm x 0.53 ym) and a flame
ionisation detector (FID). The injector and the column temperature were
kept at 220 °C and 148 °C respectively. The column temperature was
programmed to ramp at 10 °C/min. The identification of products was

carried out by comparison of their retention time with known standards.

7.3 Results and discussion

7.3.1 Characterisation

Nitrogen doped CNTs were synthesised according to the procedure
outlined in the experimental section 7.2.2 . All the samples were washed
with acid (HNOg) prior to characterisation. The advantage of using HNO3
rather than HCl is that, HNOg leads to surface functionalisation, specifically
at high temperatures. Further, the use of HCI is not desirable when the

CNTs are to be used in catalysis applications.

7.3.1.1 TEM analysis of N-CNT*

The SEM image in Figure 7.1a shows the N-CNT* material contains no
impurities. The morphology and structure of the as-grown N-CNTs* are
clearly visible in the TEM image (Figure 7.1b) with internal diameters
ranging from 10 - 19 nm, and outer diameters ranging from 20-70 nm. The
TEM images clearly show that the N-CNTs* are bamboo-shaped. XPS
analysis confirmed the presence of 2.23 at.% nitrogen in the N-CNTs* [1].
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Figure 7.1. SEM and TEM images of N-CNTs*

7.3.1.2 TGA analysis

Thermogravimetric analysis (TGA) of nanotubes under air is a technique
used to study the thermal stability and the purity of the as-prepared and
the purified N-CNTs* samples. In this study the TGA data of the N-CNTs*
Is shown in Figure 7.2. The shape of the TGA gives information about the
presence of carbon by-products, such as amorphous carbon [3,4]. The
TGA curves of the as-prepared N-CNTs* (i.e unpurified) show that there
was no mass loss below 400 °C, which confirms that there is no
amorphous carbon in the N-CNTs*. The weight gain at 433 - 454 °C, is
due to the formation of metal oxide from incompletely oxidized residual Fe
catalysts. Furthermore the derivative curve shows there is a two-step
weight loss during the heating processes In the first step around 560 °C as
shown in the derivate (Figure 7.3), the weight loss correspond to the
decomposition of carbon nanotubes. The second step, at around 600 °C,
is ascribed to crystalline carbon materials or undoped MWCNTSs [1].
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Figure 7.2. TGA of the (a) N-CNTs* and (b) N-CNTs* purified with HNO4
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Figure 7.3. Derivative of the (a) N-CNTs* and (b) N-CNTs* purified with HNO3

TGA curves of the acid purified N-CNTs* (Figure 7.2a) show a. small
weight loss occurred below 400 °C. This is credited to the presence of acid
groups and defects introduced during purification. There is an increase in
thermal stability of the purified N-CNTs* from 526 to 558 °C. This

improvement is attributed to the removal of fe catalyst which is known to
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aid the oxidation of carbon. After purification about 20 % residual weight
due to the metal oxides from the catalysts, was reduced to 1 % in purified
N-CNTs*.

7.3.1.3 Raman spectroscopy analysis

To further investigate the graphitic nature as well as the disorder of the
N-CNTs*, the as-prepared N-CNTs* were studied by Raman spectroscopy
(Figure 7.4). the spectra showed peaks very similar to those reported in
the literature for carbon fibers, with a characteristic strong, relatively
narrow band around 1598 cm™, corresponding to graphitic species
(G-band) and a band at 1341 cm™, corresponding to sp*® carbon species
(D-band) [5]. The bands at 1598 cm™ and 1352 cm™ may be ascribed to
the graphite-like and disordered structure of carbons, respectively [6]. The
ratio of the D-band to the G-band (Ip/lg) was used to compare N-CNTs*
before and after purification. The slightly higher Ip/lg ratio (1.45) of purified
N-MWNCNTs in comparison to Ip/lc ratio (1.42) of the as-prepared
N-CNTs* is due to the defects introduced during purification with the acid.

These results are in agreement with the TGA results.
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Figure 7.4. Raman spectra of (a) N-CNTS* and (b) purified N-CNTs*
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7.3.1.4 XRD analysis

The formation of the metal nanoparticles on N-CNTs* was confirmed by
XRD studies. The XRD peaks of the N-CNTs* and 5Ru/N-CNTs* are
displayed in Figure 7.5. The peaks at 26° and the broad peak around 43°
iIs due to carbon associated with the CNTs, these correspond to (002),
(004) planes present in all three XRD patterns [7]. Figure 7.5a shows the
XRD pattern of the pristine N-CNTs* while Figure 7.5b shows the pattern
of 5RU/N-CNTs*. The pattern did not change from the pristine N-CNTs*
pattern even though the presence of Ru was detected by EDS
(Figure 7.6).

The inability to detect Ru by XRD relates to the small size of Ru particles.
As a result, the average crystallite size for Ru on the Ru/N-CNT catalyst
could not be measured using XRD. Figure 7.5¢c shows the XRD pattern
pattern of the Ru/N-CNTs* after heat treatment in air at 400 °C. now the
Ru can be detected; peaks at 28°, 35° and 54° correspond to (110), (101)
and (211) planes of RuO, with a tetragonal rutile-type structure. This
agreed well with the RuO, data listed in ICDD powder diffraction pattern
(00-040-1290) list.

The average metal particle of for the RuO; as calculated from the Scherrer

formular;

_ 089 1
L Cos 8

where D is the average crystallite size, A is the wavelength (0.154 nm), 3
is the full width at half maximum, and © is the Bragg diffraction angle.
RuO, crystallites were found to be 9.2, 9.1, 8.5 using peaks at 28°, 35°
and 54° respectively with average size = 9.0 nm [8].
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Figure 7.5. XRD pattern of (a) N-CNTs* (b) uncalcined 5Ru/N-CNTs* and (c) 400
°C calcined 5Ru/N-CNTs*
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Figure 7.6. EDS of the 5RU/N-CNTs*
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7.3.1.5 TEM analysis of 5RU/N-CNTs*

The particle size distribution and the position of the ruthenium particles on
the N-CNTs* were studied using TEM. Figure 7.8a show a representative
TEM image of Ru particles supported on the N-CNTs*. The material is

characterised by a narrow uniform Ru nanoparticle, with a particle size
distribution of 2 - 3.9 nm (Figure 7.7).
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Figure 7.7. The TEM images low resolution (a) Ru/N-CNTs*, (b) high resolution
RU/N-CNTs and (c) histogram of the Ru/N-CNTs*
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Figure 7.8. The TEM images (a) Ru/N-CNTs* calcined at 400 °C and (b) high
resolution of calcined Ru/N-CNTs*.

Figure 7.8 shows the TEM images after the calcination of SRu/N-CNTs*,
The RuO, metal particles appear as light spots embedded in the matrix of
the N-CNTs* as shown by white arrows in Figure 7.8d. It was not easy to
calculate the size of the RuO, nanoparticle from the TEM Image because
the contrast between the support and metal nanoparticle was not clear.
The oxide formation contributes to the particles to be less dense.
Therefore the average 9 nm particle size obtained from the XRD analysis
was applied. These data confirm that after calcination the size of the

particles increased.

7.3.2 Reaction Analysis

The catalytic activity of the Ru/N-CNTs*, was evaluated by studying the
oxidation of styrene with H,O, as primary oxidant. In the investigation,
suitable reaction conditions in terms of the styrene conversion and the
product selectivity, the effect of temperature, oxidant concentration,

catalyst amount, and the nature of the solvent were examined.
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7.3.2.1 Effect of calcination temperature

The reaction activity of SRu/N-CNTs* catalysts in the oxidation of styrene
was found to be affected by the catalyst calcination. The calcination of
5Ru/N-CNTs* at 400 °C resulted in the decrease catalyst activity from 40
to 28 % but the selectivity to benzaldehyde increased from 75 to 92 %.
The decrease of the activity after calcination might be due to the increase
in the size of the metal particles. Similar results were observed for the
study reported in Chapter 6 where the bigger particles of RuO, showed
better selectivity. At the equi-conversion of styrene oxidation (28 %) the
selectivity towards styrene oxide is also higher which shows the
epoxidation route (route 2) is also favoured. As the calcined catalyst was
found to be more selective further discussion were based on the calcined
catalyst (RuO,/N-CNTs*).

Table 7.1 Effect of calcination temperature

Styrene Selectivity (%)
Conversion (%) BZA SO BAc PhAAc
5RUO,/N-CNTs* 28 92 8 0 0
5Ru/N-CNTs* 40 75 6 6 11
*5Ru/N-CNTs* 28 62 38 0 0

# The styrene conversion at 3h. Reaction conditions: catalyst 0.04 g,
styrene:H,O, = 1:6 1,4-dioxane =10 ml, T=90°C and t =5 h. Error bar = +/- .1.

7.3.2.2 Effect of temperature

The effect of the reaction temperature on the catalytic performance of the
5RUO,/N-CNTs* is shown in Figure 7.9. As expected by increasing
temperature from 60 to 100 °C, styrene conversion increased from
3 to 43 mol % (5 h). The behaviour is due to the competitive thermal
decomposition of H,O, to water and oxygen at higher temperatures [9].
The reaction gave a higher selectivity to benzaldehyde at all temperatures.

The selectivity to benzaldehyde decreased with an increase in
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temperature, due to over oxidation to benzoic acid. The results shows that
the cleavage of C=C bond (Route 1, Scheme 8.1) is high at low
temperature which leads to the formation of benzaldehyde. On the other
hand at higher temperature of 90 - 100 °C the epoxidation
(Route 2, Scheme 8.1) starts to compete against C=C bond cleavage
which helps to form styrene oxide.

50
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s —m— conversion /
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g g
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Figure 7.9. Effect of reaction temperature on the oxidation of styrene.

Reaction conditions: catalyst 0.04 g, styrene:H,O, = 1:6 1,4-dioxane = 10 mL
andt=5h

7.3.2.3 Effect of Time

The change of styrene oxidation was monitored and plotted with respect to
the time as shown in Figure 7.10. The conversion of styrene increased
with time and was completely converted after 18 h with 60 %
benzaldehyde selectivity. By-products, such as benzoic acid were found to
be formed when the reaction was allowed to run for a long time. After 6 h,

the selectivity to benzaldehyde decreases and formation of by-products

increased. This suggests over-oxidation of benzaldehyde with prolonged
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time [10]. After 6 h of reaction over the catalyst, there is a decline in
benzaldehyde selectivity due to the enhanced formation of side-products.
The results indicate that benzaldehyde is a primary, product whereas,

styrene oxide, benzoic acid, and phenyl acetic acids are secondary
products.
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Figure 7.10. Effect of reaction time on the oxidation of styrene. Reaction
conditions: catalyst 0.04 g, styrene:H,O, = 1:6 1,4-dioxane = 10 ml, and T= 90
°C

7.3.2.4 Effect of catalyst amount and loading

Three different amounts of catalyst (0.02, 0.04 and 0.06 g), were
evaluated to study the effect of catalyst amount on the styrene oxidation
reaction. When 0.02 g of 5RuO,/N-CNTs* catalyst was used the styrene
oxidation formed only benzaldehyde. The reaction was carried out for 5 h
and the products were analyzed (Figure 7.11). With an increase in catalyst
amount from 0.02 to 0.04 g, the conversion of styrene also increased from
14.0 mol % to 32 mol %, but the selectivity of benzaldehyde decreased
from 100 to 85 mol % along with the formation of styrene oxide

(15 mol %). The conversion increased with an increase in the amount of
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catalyst because of an increase in catalytic active sites [11]. Once more,
the increase in active site increases the competition of nucleophillic attack

on styrene; leading to formation of styrene oxide.
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Figure 7.11. Effect of amount of catalyst on the oxidation of styrene. Reaction
conditions: styrene:H,0, = 1:6 1,4-dioxane =10ml, T=90°Candt=5h

Table 7.2. Effect of loading

Styrene Selectivity (%)
Conversion (%)  BZA SO BAc PhAAC
5RuO,/N-CNTs* 28 92 8 0 0
3RUO,/N-CNTs* 20 96 4 0 0

Reaction conditions: catalyst 0.04 g, styrene:H,O, = 1.6 1,4-dioxane =10 ml, T=
90°C and t=>5 h. Error bar = +/- 1.

The amount of active sites available plays a major role in the reaction. The
decrease in loading from 5 - 3 wt.% gave a decrease in the conversion of
the styrene conversion (28 - 20 %) with an increase in selectivity to

benzaldehyde. The selectivity to benzaldehyde was 92 and 96 %, for
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5RUO,/N-CNTs* and 3RuO,/N-CNTs* respectively Similar conduct was
experienced above with the amount of catalyst used.

7.3.2.5 Effect of oxidant

The influence of styrene to H,O, molar ratio on the conversion and
selectivity was studied and the results are shown in Figure 7.12. Different
styrene/H,O, molar ratios (1:2, 1:6, 1:8, and 1:10) were assessed. It is
found that when the styrene to H,O, molar ratio is increased from 1:2 to
1:8 styrene conversion increases from 13 % to 60 mol %. While the

selectivity to benzaldehyde decreased from 100 to 85 mol %.
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Figure 7.12. Effect of oxidant concentration the oxidation of styrene. Reaction
conditions: catalyst 0.04 g, styrene:H,O, = 1:6 1,4-dioxane = 10 ml, T= 90 °C
andt=5h.

When small amounts of H,O, were used H,O, may compete with excess
styrene for coordination sites, and hence formation of OH radicals might
be significantly reduced. Thus, the conversion is reduced. With an
increase in molar ratio, H,O, coordinates to the metal and decomposes to
form OH radicals. Hence, higher styrene conversions are noted [12]. A

Further increase to a 1:10 ratio indicates a slight decrease in the styrene
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conversion. Therefore, 1.6 molar ratio of styrene to H,O, was found to be

optimum in terms of conversion for this study.

7.3.2.6 Effect of solvent

To investigate the solvent effect on the styrene oxidation reaction, solvents
such as: 1,4 dioxane, acetonitrile, DMF and toluene were used. The effect
of different solvents on styrene conversion and product selectivity, at

90 °C, over RuO,/N-CNTs* catalysts, are summarized in Table 7.3

When DMF is used as a solvent no styrene oxidation occurred. Also, when
the acetonitrile and toluene were used as solvents for the oxidation
reaction, the catalytic activity of the catalyst was reduced to 5 and 3 %
respectively; this is probably due to the adsorption of these solvents on the

active species at the surface of catalyst [13].

When toluene was used as solvent, route 2 (Schemel) dominated and led
to the formation of styrene oxide. Acetonitrile resulted in route 1 being.

favoured and hence the formation of benzaldehyde.

Table 7.3. Effect of solvent on styrene oxidation®

Temp (°C) Styrene Selectivity (%)
Conversion (%) BZA SO BAC PhAAC
1,4-dioxane 28 92 8 0 0
Acetonitrile 5 100 0 0 0
Toluene 3 0 100 0 0
DMF 0 0 0 0 0

®The conversion of Styrene at 5 h. Reaction conditions: catalyst = 0.04 g,
styrene:H,O, = 1:6 1,4-dioxane =10 ml and T= 90 °C. Error bar = +/- 1.
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7.3.2.7 Effect of recycling

After the completion of the catalytic reaction, the supernatant was
decanted and the catalyst was washed several times with acetone. It was
then dried at 150 for 3 h and used three more times following the same
process conditions (Figure 7.13). It was observed that the recycled
catalyst retained +/- 90 % of the initial conversion of the catalyst. There
was an increase in the selectivity of the by-products specifically the acids
after recycling. The ICP analysis of the reaction filtrate showed no

detectable Ru in solution after the styrene oxidation reaction.
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Figure 7.13. Effect of recycling on the oxidation of styrene. Reaction conditions:
styrene:H,O, = 1:6 1,4-dioxane =10 ml, T=80°C andt=5h.

7.3.2.8 The role of catalyst and oxidant

The role of the catalyst and oxidizing agent was determined. The
conversion of styrene was to 2 % in the presence of RuO,/N-CNTs*

catalyst without using oxidant H,O,. Similarly, in the absence of
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RuO,/N-CNTs* catalyst but using H,O, under similar reaction condition
(1,4 dioxane, 90 °C, 5 h), no styrene conversion was noted. It suggests
that no reaction takes place in the absence of catalyst. This observation
ruled out the possibility of reaction taking place due to the thermal

decomposition of hydrogen peroxide.

7.4 Activity comparison

Table 7.4. Comparison of the activity of the 5SRu/N-CNTs and 5Ru/N-CNTs*

h Styrene Selectivity (%)
Conv (%) BZA SO BAc PhAAc
5RUO,/N-CNTs 4 34 87 3 3 6
5RUO,/N-CNTs* 4 24 82 18 0 0
5RUO,/N-CNTs 8 70 61 7 14 18
5RUO,/N-CNTs* 8 60 75 8 8 9

In this section the activity of nitrogen doped carbon nanotubes used for
styrene oxidation were compared. The N-CNTs and N-CNTs* contain 0.8
and 2.2 at. % nitrogen content respectively. It was realized that the
nitrogen present in the support plays a major role. With the increase in the
nitrogen content in the CNTs the conversion of styrene decreased but with

an increase in selectivity.

7.5 Conclusion

RuO,/N-CNTs* catalysts are active in catalysing the oxidation of styrene;
the main product was benzaldehyde. This resulted from the nucleophilic
attack of H,O, on styrene oxide, followed by cleavage of the intermediate
hydroxy—hydroperoxystyrene, and also from a cleavage of the C=C bond.
The catalyst has shown to be highly selective as compared to the previous

supported catalysts used for styrene oxidation; CNTs and N-CNTs.

158



Comparing the support it was deduced that the nitrogen present in the
support plays a major role. With the increase in the nitrogen content in the
CNTs the conversion of styrene decreased but with an increase in
selectivity. The selectivity towards benzaldehyde was 92 mol % after 4 h
when N-CNTs* was used as support for the styrene oxidation reaction.
The conversion for CNTs and N-CNTs as support for Ru in the styrene
conversion was 85 and 87 % respectively. N-CNTs* as support also
slowed down the formation of by-products. The catalyst was also shown to
be recyclable without a substantial loss of its catalytic activity, at least in

three cycles.

In conclusion Ru particle size plays a role in catalytic reaction as does the

amount of nitrogen present in the CNT support.
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CHAPTER 8

SELECTIVE OXIDATION OF BENZYL ALCOHOL TO
BENZALDEHYDE OVER CARBON NANOTUBE
SUPPORTED RUTHENIUM

8.1 Introduction

Currently more than 20 % of industrial organic chemicals are produced by
catalytic reactions [1]. One example is the development of novel and
effective catalysts for the selective oxidation of alkenes/olefins to
aldehydes and ketones. This is important in the chemical industry and the
reaction is currently of considerable interest [2,3,4,5]. The liquid-phase
oxidation of benzyl alcohol into the corresponding carbonyl compound,
benzaldehyde, is an important reaction in organic synthesis. Oxidation of
benzyl alcohol to benzaldehyde, is important as it provides chlorine-free
benzaldehyde [6]. Generally oxidation of benzyl alcohol provides
benzaldehyde and benzoic acid but other by-products such as benzyl
benzoate, toluene and benzene can form depending on the reaction
conditions and metal catalyst employed. These by-products are likely to be
the outcome of side reactions as shown in scheme 8.1: (A)
decarbonylation  (benzene), (B) hydrogenolysis (toluene), (D)
overoxidation (benzoic acid) and (E) esterification (benzyl benzoate)
reaction pathways [7,8]. The main product benzaldehyde is a
non-enolizable aldehyde. Formation of this aldehyde reduces the number
of possible by-products that can form and allows an easier understanding
of the reaction mechanism [9,10].
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Scheme 8.1. Possible reaction pathways for benzyl alcohol oxidation

Benzaldehyde is a valuable chemical which has widespread applications
as an intermediate for the production of perfumes, dyes stuffs and agro
chemicals [11,12,13,14,15,16]. Alcohols are traditionally oxidised by non-
catalytic methods with stoichiometric oxidants such as dichromate or
permanganate [7,17,18]. The oxidation process is complex and it can be
difficult to control. Hence, improvements to the reaction by the use of new
catalytic materials can lead to the reduction in by-product formation
[1,19,20].

An important consideration in developing a new catalyst system relates to
finding appropriate support materials. Hence, the catalytic performance
can be improved by the use of appropriate supports that controls

dispersion of both metal particle and the metal-support interaction [21].

Supported heterogeneous catalysts have been studied for the selective
oxidation of organic compounds such as alcohols [22,23]. The catalytic

role of the supported metals for selective oxidation of benzyl alcohol has
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been extensively studied and the most promising heterogeneous catalysts
are currently based on the platinum group metals. Gold and palladium
have also attracted significant attention due to their superior catalytic
performance [8,10,24]. Supports used include zeolites silica, titania, and
alumina [25]. Although these supports can be separated from the product
at the end of the reaction by centrifugation or extraction it is often difficult

to use these processes in industry.

Carbon materials are currently attractive as supports because they can be
easily separated from reactants and products [26]. Carbon nanotubes
(CNTs) have many advantages when used as support since metal
particles are expected to be readily exposed to reactants on the non
porous exterior of the CNT and as a result generate an effective catalyst.
Metal deposition commonly requires use of an activated CNT surface [27]
and this means that the inert surface of pristine CNTs must be chemically
modified. For instance, by doping CNTs with heteroatoms such as
nitrogen, a practical path to tailor both the physical and chemical
properties of the CNTs, by modifying the CNT electronic structure, can be
achieved [28,29]. Nitrogen atoms entering the graphene sheets as a
substituent for carbon could also modify the adsorption strength of the
nanotube towards foreign atoms/molecules quite significantly. This will in
turn, greatly modify the overall catalytic activity as well as the selectivity of

a catalyst [30].

Table 8.1 lists some of the reactions that have been reported in the
literature on the benzyl alcohol reaction using supported heterogeneous

catalysts.
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Table 8.1. Studies of the oxidation of benzyl alcohol to carbonyl compounds

Metal Support Oxidant Ref
Ag Hexagonal mesoporous silicas 0O, [31]
Au Hexagonal mesoporous silicas O, [32]
Ru Al>O3 Oz [18]
Ru CNT 0O, [3]
Pd CNT/AC 0O, [8]

Au-Pd N-CNs/AC (o [27]
Au CITiO, 0O, [7]

Au-Pd TiO; 0O, [13]
Fe FeAPO-5 H.0, [33

Au/Au-Pd SBA-15 Oy/air [2]
Pd/Au-Pd SBA-16 o7} [10]
Ag Ni-Fiber 0O, [15]

Au-Cu SiO, 0O, [34]

Pd MnCeOy O [9]

Most reported studies on the oxidation of benzyl alcohol to carbonyl
compounds have used oxygen as an oxidant. This is an environmentally
friendly oxidant and it provides a green route to product formation when
compared to stoichiometric oxidations using a metal or a metal containing
inorganic oxidant such as dichromate or permanganate. However, the
presence of oxygen may result in overoxidation and explosions, or the
flammability of the organic solvent or alcohol reactants [35]. These issues
make safety a problem in a large scale production process. To overcome
this issue hydrogen peroxide can be used as an oxidant and in this study
peroxide will be used as an oxidant. Yu et al, [3] reported the use of a
9.3 wt. % Ru supported on CNT catalyst for the aerobic oxidation of benzyl
alcohol. Air was used as the oxidant at ambient pressure.
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Yamaguchi et. al., [36] achieved a 99 % vyield of benzaldehyde by using
molecular oxygen and Ru/Al,O3 catalyst, In this chapter, the influence of a
Ru supported catalyst for the oxidation of benzyl alcohol is reported. The
Ru was supported on CNTs and on nitrogen doped carbon nanotubes

(N-CNTSs) and the liquid phase oxidation of benzyl alcohol was studied.

8.2 Experimental

8.2.1 Materials

CNTs with inner diameters of 5-10 nm and outer diameters of 40-80 nm
were obtained from Sigma Aldrich. The N-CNTs used, with inner
diameters of 5 - 10 nm and outer diameters of 35 - 100 nm, with nitrogen
content of 0.8 at.%. were synthesised in-house (Chapter 3).
Benzyl alcohol, hydrogen peroxide (H.O,) (50% mass concentration in
water), RuCls;.xH,O (Aldrich) were used as purchased. All other chemicals
and reagents used were of analytical grade and purchased from

Sigma Aldrich and used without any further purification.

8.2.2 Catalyst preparation

The catalyst was synthesised via a microwave irradiation procedure as
described in [37]. Ru nanoparticles were deposited on N-CNTs using the
microwave assisted polyol method in a microwave teflon vessel. In the
reaction 50 mg of CNTs or (N-CNTs) and RuCl3.xH,O were mixed with
80 mL ethylene glycol (EG) and sonicated for 10 min to afford a
homogenous suspension. RU/CNT and Ru/N-CNT mixtures were chosen
to give four different Ru loadings (2, 3 4 and 5 wt. %.). The suspension
was then placed in a microwave reactor (Anton-Paar Multiwave 3000) and
heated to 200 °C and the reaction mixture was kept at this temperature for
5 min at 500 W. The resulting clear suspension was filtered and the
residue was washed with 20 mL acetone, then with 50 mL deionised water

and dried at 110 °C overnight. The material was then calcined at 350 °C.
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The samples were named according to the wt. % of Ru expected viz
2RU/CNTSs, 2Ru/N-CNTs, 3Ru/CNTs 4Ru/CNTs and 5Ru/CNTs.

8.2.3 Characterisation

The samples were characterised as described in chapter 6. The Ru
loadings were determined by the inductively coupled plasma (ICP)
(Spectro-Acros) technique, XRD patterns were collected in air at room
temperature on a X'Pert Pro PANalytical X-ray diffractometer using Cu Ka
radiation and the size of Ru particles was determined on carbon using a
JEOL 2100 TEM.

8.2.4 Catalytic activity

Benzyl alcohol, the RU/CNT catalyst and the 1,4-dioxane solvent in the
required ratio were added to a 50 mL two—neck round bottomed flask. The
flask was equipped with a magnetic stirrer and a water circulated
condenser under continuous stirring of 1400 rpm, while heated in the oll
bath. The progress of the reaction was determined by analysing the
reaction mixture using an Agilent 7890A gas chromatograph system fitted
with a SPB 50 fused silica capillary column (30 m x 0.25 mm x 0.25 ym)
and a FID detector. Small aliquots (1 mL) of the reaction mxture were
withdrawn after specific time intervals. The injector and the column
temperature were set at 220 °C and 148 °C respectively. The conversion
of benzyl alcohol and the selectivity to benzaldehyde were calculated by
the peak area normalization method. After the reaction the catalyst was
collected and then washed with 20 mL acetone and heated at 110 °C prior

to reuse.
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8.3

8.3.1

Results and discussion

Benzyl alcohol oxidation

The RU/CNT catalytic oxidation of benzyl alcohol to benzaldehyde was

monitored by GC. A typical GC spectrum showing the benzyl alcohol

oxidation

product is shown in Figure 8.1. The peak area corresponding to

each molecule detected was taken to correspond to the number of moles

of that molecule passing through the detector. The conversion and

selectivity data were calculated as follows:
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Figure 8.1. A typical benzyl alcohol oxidation spectrum for products obtained from
an FID GC
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The synthetic method gave Ru particles that were, highly dispersed, small
and homogenous (chapter 4). Ru nanoparticles were produced on both
CNTs and N-CNTs. Four different Ru loadings (2, 3, 4 and 5 wt. % Ru)
were deposited on the CNTs. The ICP analysis showed that the Ru
loading ratio was 1.87, 2.93, 3.80 and 4.81 % for 2Ru/CNTs, 3RuU/CNTs,
4RuU/CNTs and 5Ru/CNTs materials respectively (Table 7.2). The particle
sizes were observed to increase with the increase in loading of Ru, with
sizes of 5.2, 5.2, 5.6 and 6.2 nm for the 2Ru/CNT, 3Ru/CNT, 4Ru/CNT
and 5RuU/CNT materials respectively. The loading of the Ru on N-CNTs
was found to be 3.12 wt. % with a nanoparticle size average diameter of
2.90 nm. The particle size of RuO, supported on both CNTs and N-CNTs

increased after calcination at 350 °C.

Table 8.2 The loading, particle size of Ru/RuO, on CNTs and N-CNTs before and

after calcination

Support Ru loading Particle size (nm)
(wt. %) Before calcination After calcination
(Ru) (RuOy)
2RU/CNTs 1.87 5.2 7.3
3RU/CNTs 2.93 5.2 7.2
4RU/CNTs 3.80 5.6 8.4
5RuU/CNTs 4.81 6.2 9.8
3RU/N-CNTs 3.12 2.9 5.1

8.3.1.1 Effect of temperature

It had been reported that reaction temperature has a strong influence on
the process of benzyl alcohol oxidation [12]. The results of benzyl alcohol
oxidation over the 3RuO,/CNT catalyst in 1,4-dioxane solvent for 5 h in the
temperature range of 80 - 110 °C are given in Table 8.3. As expected, the

conversion of benzyl alcohol increased with an increase in reaction
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temperature. This might be due to the competitive thermal decomposition
of H,O, to H,O and O, with increase in temperature and/or to an increase
in the rate of the benzyl alcohol to benzaldehyde reaction [26,38]. The
conversion increased from 4 - 11 % but the selectivity of benzaldehyde

decreased with an increase in temperature (Table 6.7).

Table 8.3 Effect of temperature on benzyl alcohol oxidation®

Temperature (°C) Conversion (%) Selectivity (%)
BZA BAc
80 4 100 0
100 6 88 12
110 10 85 15

®Reaction Conditions: Bzoh:H,0, =1:6, catalyst =40 mg, T =5 h.
BZA - Benzaldehyde

BAc - Benzoic acid

Error bar = +/- 1.

8.3.1.2 Effect of reaction time

The oxidation of benzyl alcohol was monitored with respect to time. The
results are shown in Figure 8.2 The conversion of benzyl alcohol
increased slowly and continuously when the reaction time was increased.
It was seen that 10 % conversion was observed after 5 h; when the
reaction was allowed to continue for 18 h, 21% conversion was observed.
The benzyl alcohol conversion and selectivity to benzoic acid increased
whereas the selectivity to benzaldehyde decreased with increasing
reaction time. The decrease in the selectivity to benzaldehyde and the
increase in the selectivity to benzoic acid with increasing reaction time

indicates an over oxidation process (Scheme 8.2).

H;0; H,0,
Benzylalcohol ——  Benzaldehyde———» Benzoic Acid
-H,0 -H,0

Scheme 8.2. Benzyl alcohol reaction pathway to benzoic acid
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Figure 8.2. Effect of reaction time on the oxidation of benzyl alcohol.
Reaction Conditions: catalyst = 0.04 gBzoh:H,0, =1:6 and T =110°C

8.3.1.3 Effect of loading

The influence of the RuO, loading on the RuO,/CNT catalyst performance
in the benzyl alcohol oxidation is shown in Figure 8.3. The supported
RuO,/CNT catalysts were found to be active and selective for the oxidation
of the benzyl alcohol at all ruthenium loadings. The conversion of benzyl
alcohol increased from 4 to 25 % on increasing the Ru loading from
2 to 5 wt. %. However, on increasing the Ru loading the selectivity to
benzaldehyde decreased to 74 % along with an increase in formation of
benzoic acid. At higher loadings there are more active sites and hence a
greater chance of both benzyl alcohol and benzaldehyde being

simultaneously adsorbed on the RuO, [39].
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Figure 8.3. Effect of Ru metal loading on the oxidation of benzyl alcohol.
Reaction Conditions: catalyst = 0.04 g, Bzoh:H,0, =1:6, T=110°Candt=5 h.

8.3.1.4 Effect of H ,O, concentration

The amount of oxidant used in the system is an important factor that
influences the oxidation of alcohols. The effect of H,O, concentration on
the oxidation of benzyl alcohol was investigated by varying the molar ratio
of substrate to H,O, (1:4, 1.6, 1:8, 1:10 and 1:12) and the results are
shown in Figure 8.4. An increase of oxidant concentration ratio from
1:4 to 1:10 enhanced the rate of the benzyl alcohol oxidation with
conversion increasing from 8 to 23 %. Benzaldehyde selectivity increased
up to a 1:6 ratio only (70 to 85 %) then decreased while benzoic acid
formation increased. When the benzyl alcohol to H,O, molar ratio was

increased to 1:12, both the catalytic activity and the benzaldehyde
selectivity decreased.
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Figure 8.4. Effect of oxidant concentration the oxidation of benzyl alcohol.
Reaction Conditions: catalyst =0.04 g, T=110°Candt=5h.

The amount of benzoic acid increased at the expense of benzaldehyde
due to over-oxidation. The reason for the decreasing % conversion of
benzyl alcohol at higher H,O, concentration and temperature is due to self-
decomposition of oxidant. Further, dilution of the reaction mixture takes
place, since H,O, contains a considerable amount of water (50 %) [3,8].

8.3.1.5 Effect of the amount of catalyst

The amount of catalyst has a significant effect on the oxidation of benzyl
alcohol. Four different amounts of catalysts viz., 20, 40, 60 and 80 mg
were used, while keeping all other reaction parameters constant
(reaction temperature, benzyl alcohol to peroxide ratio and reaction time).
The results are shown in Figure 8.5. Benzyl alcohol conversions of 6, 10,
22 and 20 % corresponding to the 20, 40, 60 and 80 mg catalysts used
were measured.
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Figure 8.5. Effect of amount of catalyst on the oxidation of benzyl alcohol.
Reaction Conditions: catalyst = 0.04 g, Bzoh:H,0, =1:6, T =110°C, andt=5 h.

The results indicated that the benzyl alcohol conversion increased with
increasing catalyst amount, which is due to the increase in the number of
RuO, active sites available for reaction [12,40]. With an increase in the
amount of catalyst from 20 to 80 mg the selectivity to benzaldehyde also
decreased from 100 to 71 %. The increase in the amount of catalyst aids
the decomposition of more hydrogen peroxide to oxygen and water
leading to a lower conversion [41].

8.3.1.6 Effect of recycling

The recyclability of a used catalyst 3RuO,/CNT was tested in the benzyl
alcohol oxidation reaction. The reaction mixture was filtered after a contact
time of 5 h. (110 °C). The catalyst was then re-used after washing with

acetone and after drying in an oven at 120 °C for 2 h.
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Figure 8.6. Effect of recycling on the oxidation of benzyl alcohol. Reaction
Conditions: catalyst = 0.06 g, Bzoh:H,0, = 1:4, T=110°Candt=5 h.

Figure 8.6 shows that the re-use resulted in a decrease in the selectivity of
benzaldehyde with an increase in selectivity to benzoic acid formation.
Recycling for a second time continued this trend (selectivity 37 %). The
conversion of benzyl alcohol remained almost unchanged after another
re-use (21 %) from an initial conversion of 23 %. The conversion is not
affected but the selectivity to benzaldehyde decreased as a function of
re-use. This suggests a change in the surface of the Ru and oxygen
atoms. The catalytic particles could rearrange in the presence of H,O, and
this could lead to the changed selectivity. It is possible that sintering also
occurred. The ICP-OES analysis of the reaction for the reaction mixture
was performed and no Ru metal was detected in the filtrate after reaction.

These rules out a homogenous oxidation reaction involving Ru salts.

8.3.1.7 Effect of N-CNTs

Figure 8.7 demonstrates the results of the benzyl alcohol reaction over
RuO, supported on the N-CNTs and on the CNTs. The RuO, supported on
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the N-CNTs shows better activity and benzaldehyde selectivity than the
RuO, on the CNTs. The conversion of 3RuO,/N-CNTs after 5 h was 18 %
with 80 % selectivity to benzaldehyde. After 18 h the conversion of alcohol
using the N-CNT support increased to 41 % even though the selectivity to
benzaldehyde decreased significantly to 25 %. For 3RuO,/CNTs the
conversion was only 10 % after 5 h with 70 % selectivity to benzaldehyde.
The conversion increased to 16 % after 18 h but with a benzaldehyde
selectivity of 32 %. At equi-conversion (8 % conversion), RUO,/N-CNTs
showed 95 % selectivity to benzaldehyde. This reveals that the catalytic
activity of supported Ru nanocatalysts can be attributed not only to Ru
nanoparticles but also to the interaction of the Ru particles with the
support; the latter plays an important role in controlling the catalytic activity

of the supported Ru nanoparticles.

100

Il Bzoh Conversion
I BZA
I BAc

80

60

40

Conversion (%)

20

N-CNTs (5 h) CNTs (5 h) N-CNTs (3 h)

Figure 8.7. Effect of N-CNTs on the oxidation of benzyl alcohol. Reaction
Conditions: catalyst = 0.04 g, Bzoh:H,0, = 1:6, T =110 °C, and t = 5h.

The increase in the activity of RuO,/N-CNTs can be related to the higher
dispersion of the Ru and a good interaction between the support and the

Ru particles associated with the introduction of the N-functionalities.
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[27,42] Nitrogen introduced chemically active sites that are required for
anchoring of the nanoparticles [43]. In addition, nitrogen is able to
generate defects on carbon, which increases the edge plane exposure

and as a result enhances the catalytic activity [44].

8.4 Conclusion

The synthetic method gave Ru particles that were, highly dispersed, small
and homogenous. RuO, nanoparticles were produced on both CNTs and
N-CNTs by calcination. The catalysts were tested for benzyl alcohol
oxidation to benzaldehyde. The structural features of a Ru catalyst, as well
as the reaction conditions strongly affect the behaviour of the benzyl
alcohol oxidation reaction with hydrogen peroxide. The main product of the
benzyl alcohol oxidation reaction is benzaldehyde with benzoic acid as
by-product. The product ratio depends on the nature of the catalyst. The
functionalised RuO,/N-CNT based catalyst was also tested for the
selective oxidation of benzyl alcohol and compared to the RuO,/CNT
based catalysts. After 5 h at 110 °C benzyl alcohol conversion was 10 and
14 % for 3RUO,./CNTs and 3RuO,/N-CNT catalyst respectively and
benzaldehyde selectivity of 70 and 85 % respectively. The nitrogen
functionalities incorporated in the network structure of CNTs led to an
improvement of the catalytic performance and the selectivity towards
benzaldehyde. The activity improvement for 3RuO2/N-CNT was due to a
better dispersion and smaller particle size (5.1 nm) of the metal
nanoparticles on the surface but also due to the interaction of the Ru
particles with the support. The Ru particles-support interaction plays an
important role in determining the catalyst performance in the process of

benzyl alcohol oxidation.

In conclusion, the results for supported Ru catalyst for different reactions
show that the catalytic properties of catalyst depend on the support, Ru

loading, and also on the reaction catalysed by the catalyst.
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CHAPTER 9

GENERAL CONCLUSION

The objective of the study was to synthesise and characterise ruthenium
supported on N-doped carbon nanotubes (N-CNTs). The Ru catalysts
prepared were used in different applications; the oxygen reduction
reaction (ORR) for fuel cells application and in liquid phase oxidation

reactions.

The initial chapters introduced the evolution of catalysis until the current
era of nanotechnology. A comprehensive literature review of nitrogen
doped carbon nanotubes as a catalyst support and their applications were
outlined. The review showed that currently most applications related to the
use of N-CNTs as a catalyst support are fuel cell applications. N-CNTs are
still in their early stages of development but they have been show to be
exceptional nanomaterials due to their chemical and physical properties.

SECTION A

In chapter 3, N-CNTs were synthesised using a thermal-CVD method in a
two stage horizontal split-tube furnace. Cyclohexanol was used as carbon
source, aniline as a nitrogen source and ferrocene as catalyst. Since
alcohols have been found to produce cleaner CNTs which contain less
amorphous carbon and impurities, an alcohol was used as the source of
carbon. The choice of cyclohexanol was suggested as it contains a
benzene structure and it has a boiling point which is similar to that of
aniline. Additionally, it is a good solvent for the ferrocene and this allows
the generation of a homogeneous solution. It was shown that the yield,

and purity of the CNTs produced were influenced by the
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cyclohehexanol/aniline/ferrocene ratios, temperature and flow rate. Under
optimum conditions (reaction temperature: 900 °C, nitrogen flow rate:
100 mL/min, ferrocene:aniline:cyclohehexanol ratios of 1:5:34), high
quality nitrogen doped CNTs were obtained The obtained as-prepared
N-CNTs were refluxed in 30 % nitric acid for 4 h in order to remove the
residual growth reagents. The N-CNTs were fully characterised using a
range of instrumental techniques such as transmission electron
microscopy (TEM), scanning electron microscopy (SEM),
thermogravimetric analysis (TGA), Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS).

The N-CNTSs that formed had a fairly crystalline structure, constituted by a
periodical bamboo like structure with tube diameters of 35 - 100 nm and a

nitrogen content of up to 1.3 at %.

Even though clean N-CNTs were obtained the issue with the synthesis
approach is the different vapour pressures of the cyclohehexanol, aniline
and ferrocene mixture which makes it difficult to maintain a constant
reactant ratio with time. The recommendation is to use a one furnace
system and using a syringe injection system in order to have a constant

reactant ratio.

Chapter 4 describes the synthesis and characterisation of Ru
nanoparticles that are formed on the N-CNTs using a microwave
irradiation technique. For the optimum conditions, commercial CNTs were
used to support the Ru while varying the microwave heating power
between 350 and 1000 W; 500 W was determined to be the optimum

power to use.

TEM images of the ruthenium catalysts supported on N-CNTs, and CNTs
revealed that the catalyst particles were homogenously dispersed on the
surface. The Ru particles had a narrow size distribution and small particle

size with an average Ru diameter of 2.5 and 6.2 nm for the N-CNTs, and
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for the pristine CNTs respectively. The nitrogen containing carbon
nanotubes are preferred to the CNTs as support for Ru as it generates a
catalyst with a better homogenously and narrow Ru dispersion than the
CNTs. The N-CNTs support also generates a catalyst with smaller Ru
particles than those formed on the CNT as support. The catalyst support
played an important role in controlling the Ru deposition and Ru particle
size through a strong Ru patrticle-support surface interaction presumably
at the defects sites. This dispersion controls the catalytic activity of the

supported nano-Ru catalysts.

ICP analysis of the Ru supported on carbon materials revealed that the
metal ratios obtained were very close to those predicted from the catalyst

preparation.

SECTION B

Part A

The electrocatalytic activity of Ru supported catalysts on the ORR activity
was investigated and presented in Chapter 5. The activity of the prepared
N-CNTs towards the reduction of oxygen in alkaline electrolyte was
compared to that of commercial CNTs without N using the onset potential
at 1500 rpm. The onset potential of commercial CNTs was more negative
at -0.184 V while that of N-CNTs was more positive at -0.144 V thus
indicating improved ORR kinetics on N-CNTs than on the commercial
CNTs. For this reason the study focused on the activity of a range of
Ru/N-CNT materials. The Ru nanoparticles of mean diameter of 2.9 nm
were uniformly distributed on the N-CNT surface. The 4 electron reaction
of ORR was found to be more favourable on 2Ru/N-CNTs and
5RuU/N-CNTs. 2RuU/N-CNTs i.e. a 2 % Ru loaded sample and the (5 % Ru)
5RuU/N-CNTs nanocatalysts showed the oxygen within the solution diffused
to the surface of the electrode and reacted to form hydroxyl ion through a
four-electron reaction. With the increase of the loadings from

2 - 51to 10 wt. % the n value in the equation decreased to 3.7 and 3.2,
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respectively. This was due to the formation of the isolated metallic Ru
particles, since isolated 3d transition metals tend to produce H,0,, thereby
causing a low n value. The lower loading of Ru metal nanoparticles on the
2RU/N-CNT catalyst proved to give a better catalyst, which makes it a
potential material for the ORR catalysis in fuel cells in alkaline media.

Part B

Ru/N-CNTs and Ru/CNT catalysts were calcined to form RuO2/N-CNT and
RuO,/CNT respectively, and the catalytic activity and product selectivity of
RuO,/N-CNT and RuO,/CNT catalyst for the liquid phase oxidation of
styrene and benzyl alcohol was investigated. Reaction variables such as
catalyst amount, catalyst loading, solvent, temperature and substrate
oxidant ratio were explored. Possible reaction pathways were proposed for
the reactions. Both styrene and benzyl alcohol oxidation reaction gave

benzaldehyde as the major product.

In Chapter 6 5RuO,/CNT catalysts were found to be active in catalysing
the oxidation of styrene with relatively high benzaldehyde selectivity
(85 %) using hydrogen peroxide as oxidant. Other products such as
benzoic acid, phenyl acetic acid and traces of styrene oxide were obtained
with very low selectivity. The 5RuO,/N-CNT catalyst showed a better
selectivity to benzaldehyde (88 %) but at lower conversion (34 %) as

compared to 5RuO,/CNTs after 4 h reaction.

In the previous chapter the Ru/N-CNTs were shown to exhibit some
activity. To further explore this issue Ru was deposited on nitrogen doped
CNTs prepared differently from those in chapter 6. In Chapter 7 further
investigations on the activity of the new nitrogen doped carbon nanotubes
(N-CNTs*) was investigated for styrene oxidation. In this case, the nitrogen
doped carbon nanotubes (N-CNTs*) with 2.2 at.% nitrogen content were
synthesized by the catalytic decomposition of acetylene (C;H,;) and
acetonitrile (CH3CN) at 700 °C over a 10 % Fe-Co supported on calcium

carbonate (CaCOs3) catalyst. Optimisation of this synthesis process was

183



done by other co-workers in our group. N-CNTs* were prepared,
characterised and tested for styrene oxidation. The bamboo structured
material with a diameter range of 30 — 90 nm was made. The Ru was
supported on the N-CNTs* using the same conditions as the one used for
supporting Ru on N-CNTs using a microwave method. The Ru particle size
obtained was narrower with the average particle size of 3 nm. After
calcination the size of the particle increased to 9 nm average particle size.
RuO,/N-CNTs* catalysts were active in catalysing the oxidation of styrene;
the main product was benzaldehyde. This resulted from the nucleophilic
attack of H,O, on styrene oxide, followed by cleavage of the intermediate
hydroxy—hydroperoxystyrene, and also from a cleavage of the C=C bond.
The catalyst has shown to be highly selective as compared to the previous
supported catalysts used for styrene oxidation in this study. Comparing the
support it was deduced that the nitrogen present in the support plays a
major role. With the increase in the nitrogen content in the CNTs the

conversion of styrene decreased but with an increase in selectivity

3 % Ru loaded on N-CNTs (3RuO2/N-CNT) based catalyst was also tested
for the selective oxidation of benzyl alcohol and compared to the
3RUO,/CNT based catalysts in Chapter 8. After 5 h at 110 °C benzyl
alcohol conversion was 10 and 14 % for 3RuO,/CNTs and 3RuO,/N-CNT
catalyst respectively with benzaldehyde selectivity of 70 and 85 %
respectively. The catalyst was shown to have a lower activity for benzyl
alcohol oxidation than styrene oxidation.

In general the results reveal that the nitrogen functionalities incorporated
in the network structure of carbon nanotubes led to an improvement of the
selectivity towards benzaldehyde in the styrene oxidation reaction.
Furthermore, the catalytic activity of the supported Ru catalyst depends on
the support, Ru loading and Ru patrticle size but also on the reaction

catalyzed by the catalyst.
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The results indicate a strong influence of the support used for the
supported Ru catalyst for the styrene conversion and benzaldehyde
selectivity. Further detailed studies are necessary for understanding the
influence of nitrogen on the support for improving the catalyst

performance.

The thesis was successful in achieving the research objectives proposed
of synthesising ruthenium catalysts that are active in different catalysis

application.

Future studies may entail:

 Use of a one furnace system for the synthesis of N-CNTs to
maintain constant reactant ratios as it is difficult to control the ratios

because of different vapour pressures of the reactants.

* Investigate different oxidants for the benzyl alcohol oxidation

reaction using RU/N-CNT and Ru/N-CNTs* as catalysts.

* Determining the maximum nitrogen content in the nitrogen doped
carbon nanotubes that can give maximum selectivity towards

benzaldehyde in the styrene oxidation reaction.
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